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Relatively large amounts of dehydroepiandro- 
gerone (38-hydroxyandrost-5-en-17-one) are pre- 
‘gent in the urine from cases of adrenal tumour (see 
Mason & Engstrom, 1950). In addition to this 38- 
hydroxy-A®-steroid, Hirschmann & Hirschmann 
(19506) have isolated six other steroids containing 
this grouping from the urine of a boy with an 
adrenal tumour. Before 1956 only two steroids 
of this type, namely dehydroepiandrosterone 
(Butenandt & Dannenbaum, 1934) and androst- 
§-ene-38:16«:17f8-triol (Marrian & Butler, 1944), 
had been isolated from the urine of normal 
people, but recently 16«-hydroxydehydroepiandro- 
sterone (Fotherby, Colas, Atherden & Marrian, 
1957) and androst-5-ene-38:178-diol, androst- 
§-ene-38:168:178-triol and pregn-5-ene-38:17«:20a- 
triol (Fotherby, 1958) have been isolated from this 
source. The present paper describes the isolation of 
another 38-hydroxy-A®-steroid, pregn-5-ene-38:- 
16x:20«-triol, from the urine of normal males. 


RESULTS 


The procedures used in the extraction of the urine 
and purification of the extract have already been 
described in detail (Fotherby, 1958). Briefly they 
consisted in boiling urine without adjustment of 
the pH, a procedure which appears to be specific 
for the hydrolysis of the 3f-sulphates of 3- 
hydroxy-A®-steroids and separation and isolation 
of the 3f-hydroxy-A®-steroids present in the 
extract by countercurrent distribution and chro- 
matography. The starting material for the present 
kolation was the residue from the mother liquors 
from the crystallization of androst-5-ene-38:168:- 
l7B-triol. This residue was semicrystalline, and by 
two further crystallizations additional amounts of 
androst’-5-ene-38:168:178-triol were obtained. The 
mother liquors remaining from the final crystalliza- 
tion were chromatographed and the elution pattern 
obtained by analysis of successive fractions sug- 
gested the presence of two components which were 
incompletely separated. Those fractions consisting 
mainly of the faster-moving component were re- 
chromatographed, and by crystallization a com- 
pound was obtained which melted at 244~-246°. The 
melting point indicated that this compound might 

bepregn-5-ene-3 8: 16«:20«-triol, and this was proved 
14 


to be so by comparing the acetate of the isolated 
material with authentic 38:16a«:20«-triacetoxy- 
pregn-5-ene. 


EXPERIMENTAL 


Details of the extraction of the urine, purification of the 
urine extract and the methods used have been published 
(Fotherby, 1958). 

Isolation of pregn-5-ene-38:16«:20x-triol. By successive 
cerystallizations of the mother liquors from the isolation of 
androst-5-ene-38:168:178-triol two further yields of this 
compound were obtained. 

The residue from the mother liquors from the final 
crystallization chromatographed on a_ column 
(24 cm. x 2 em.) of 50g. of Celite with the solvent system 
benzene—methanol-water (5:4:1, by vol.) and successive 
10 ml. fractions were collected and analysed by the 
modified Pettenkofer reaction (Munson, Jones, McCall & 
Gallagher, 1948). Fractions 18-32 reacted positively and 
the elution pattern indicated the presence of two com- 
ponents which were incompletely separated. Those 
fractions (18-23) consisting mainly of the faster-moving 
component were therefore rechromatographed on a Celite 
column similar to that described above. Analysis of 
successive 5 ml. fractions showed that a single peak of 
material was eluted in fractions 51-64. These fractions 
were combined, but on attempting to crystallize the 
material from methanol only an oil was obtained. The 
methanol was removed in vacuo and the dry residue 
leached twice with a small volume of cold ether. The ether- 
insoluble material was crystallized from methanol to give 
2 mg. of crystals which had m.p. 244-246°. [Hirschmann & 
Hirschmann (1950a) report 245-247° for pregn-5-ene- 
38:16x:20«-triol.] The compound formed an acetate which 
after crystallization from methanol had m.p. 177-179°, 
unchanged by admixture with authentic 38:16a:20«- 
triacetoxypregn-5-ene. The absorption spectra of solutions 
of the isolated and authentic acetates in conc. H,SO, were 
identical both after 2 hr. and 24 hr. at 25°. [After 2 hr. 
max. 390 mp (£1%, 200), 475 mp (194); min. 265 mp (40), 
432 mp (104); inflexions 235myp (50), 320myp (120), 
355 mp (155), 510 mp (111), 540 mp (60). After 24 hr. 
max. 310 mp (130), 385 mp (188), 475 mp (212); min. 
260 my (50), 335 mp (92), 430 my (139); inflexion 530 mp 
(79).] 


was 


DISCUSSION 
Pregn-5-ene-38:16«:20«-triol has not previously 
been isolated from the urine of normal people, 
although it was obtained by Hirschmann & 
Hirschmann (1950a) from the urine of a boy with 
an adrenal tumour. 
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Table 1. Neutral 16-hydroxy steroids isolated from urine, and their precursors 


16-Hydroxy steroid 
Androst-5-ene-38:16«:178-triol 
Androst-5-ene-38:168:17B-triol 
16a-Hydroxydehydroepiandrosterone 
5a-Androstane-3a:16«:17 B-triol 
5B-Androstane-3«:16:178-triol 
5a-Pregnane-38:16«:20«-triol 
Pregn-5-ene-38:16a:20«-triol 
Seven neutral steroids containing a hydroxyl 
group at position 16 have now been isolated from 
human urine. These are shown in Table 1 with the 
corresponding 16-deoxy precursors. 5a-Pregnane- 
38:16a:20«-triol is possibly a metabolite of pregn-5- 
ene-38:16«:20«-triol. The Cy, 16-deoxy steroids 
shown in Table 1 are those which occur in the largest 
amount in urine and possibly therefore are present 
in relatively large amounts in the body. Since the 
amounts of the 16-hydroxysteroids found in the 
urine are small it would appear that this hydroxyl- 
ation is one that does not proceed too readily. If 
this is the case also with the C,, 16-hydroxy 
steroids it would suggest that large amounts of 
pregnenolone (38-hydroxypregn-5-en-20-one) or 
pregn-5-ene-38:20«-diol are produced in vivo. 
Current views on the biosynthesis of the adreno- 
cortical hormones (cf. Hechter & Pincus, 1954) 
suggest that pregnenolone is an intermediate in the 
conversion of cholesterol into progesterone (pregn- 
4-ene-3:20-dione), but pregnenolone has not so far 
been isolated from urine or from the adrenal. 
Whether the 16-hydroxy steroids have any 
unique biological function has yet to be determined. 


SUMMARY 
1. Pregn-5-ene-38:16«:20x-triol has 
lated from the urine of normal males which has 


been iso- 


16-Deoxy precursor 


Dehydroepiandrosterone 


3a-Hydroxy-5a-androstan-17-one (Androsterone) 
3a-Hydroxy-5f-androstan-17-one (Etiocholanolone) 
38-Hydroxy-5a-pregnan-20-one 


38-Hydroxypregn-5-en-20-one 


been boiled for 2 hr. without adjustment of the 
pH. 

2. The 16-hydroxy steroids found in urine are 
considered and the possible significance of the 
present isolation is discussed. 


I am grateful to Professor G. F. Marrian, F.R.S., for his 
interest in the work and to Dr H. Hirschmann, Department 
of Medicine, Western Reserve University, Cleveland, for 
a sample of 38:16«:20«-triacetoxypregn-5-ene. 
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Nitrogenous Compounds and Nitrogen Metabolism in the Liliaceae 
5. THE METABOLISM OF AZETIDINE-2-CARBOXYLIC ACID* 
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(Received 26 June 1958) 


Studies on the nitrogenous constituents of members 
of the Liliaceae family of plants have been reported 
in earlier papers of this series (Fowden & Steward, 
1957a,b; Zacharius, Cathey & Steward, 1957; 
Fowden & Bryant, 1958). Particular emphasis was 


* Part 4: Fowden & Bryant (1958). 


placed on the more recently discovered amino and 
imino acids, several of which are fairly widely 
distributed in species of the family. Azetidine-2- 
carboxylic acid (A-2-C), the lower imino acid 
analogue of proline, is practically confined to 
liliaceous plants; Fowden & Steward (1957a) 
showed it to be present in about one-quarter of the 
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species they examined. In some plants, e.g. 
Convallaria majalis (lily-of-the-valley) and Poly- 
gonatum multiflorum (a Solomon’s seal), it is present 
in very high concentrations relative to those of 
other free amino acids. 

This paper presents the results of a study of the 
mechanism whereby A-2-C is synthesized in 
Convallaria leaves. To determine whether the 
presence of A-2-C affects the basic reactions in- 
volved in amino acid synthesis, the pathway of 
photosynthetic assimilation of [14C]carbon dioxide 
into the amino acids of Convallaria leaves has been 
compared with pathways previously demonstrated 
to exist in leaves of other species in which the 
imino acid is absent (see Racusen & Aronoff, 1954; 
Towers & Mortimer, 1956). Fowden (1956) sug- 
gested that the biosynthesis may follow the same 
pattern as that established for proline synthesis. 
In this scheme, aspartic acid, homoserine and «y- 
diaminobutyric acid are possible precursors. A 
further possibility is that y-aminobutyric acid may 
undergo reductive cyclization. “C-Labelled amino 
acids and other substrates were therefore fed to 
tissues of Convallaria and to a lesser extent those of 
Polygonatum to test these ideas. 


METHODS 


Plant materials. Crowns of Convallaria were collected in 
March and stored at about 4°. They were planted as 
required and could be grown successfully until about 


September. Immature leaves (0-3-0-6 g. each) were used in 
most experiments, but apical portions of roots and disks of 
rhizome tissue were also used in feeding experiments with 
[4Claspartate. 

Polygonatum rhizome and root tissue was collected from 
vigorously growing plants in April. 

[4C)\Carbon dioxide assimilation. Immature Convallaria 
leaves were excised from plants and the leaf bases were 
kept in water. Several leaves were placed in a chamber, 
vol. 300 ml., filled with CO,-free air and illuminated to 
give a surface light intensity of 600 ft.candles. “CO, was 
then generated from Ba'CO, (1000; 1-1 mg.) within the 
chamber to produce a CO, concentration of 0-:04%. The 
leaves were allowed to assimilate the “CO, for 7-5, 15, 30 
and 60 min. After removal from the chamber they were 
(a) immediately killed by dropping into boiling 75% (v/v) 
ethanol, or (b) kept in the light, or (c) kept in complete 
darkness for further periods of time up to 24 hr. before 
being killed. 

Feeding of C-labelled organic substrates. Most of the 
experiments were performed with immature Convallaria 
leaves. The bases of the leaves were placed in a solution of 
the appropriate 1C-labelled substance in front of a fan to 
give an increased transpiration rate: a leaf assimilated 
0-05 ml. of solution in about 2 hr. Details of the amounts of 
each substance supplied are given when the experimental 
results are described. When uptake was complete the 
leaves were placed in water and kept in the light or dark for 
further periods before being killed with ethanol. 

[4C]Aspartic acid was supplied to root and rhizome 
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tissue of Convallaria and Polygonatum. The tissue (approx. 
0-2 g.) was shaken with 1 ml. of (#C]aspartate solution in 
a Warburg flask at 23° for 4 hr. The tissue was then washed 
free from residual aspartate and transferred to sterile 
water and shaken for a further 20 hr. 


Tissue extraction and radioactivity assays 


All tissues were treated in a similar way and all values 
for radioactivity are recorded as counts/min. present in 
fractions representing 0-1 g. fresh wt. of material. 

Extraction. The tissues were killed by dropping into hot 
75% (v/v) ethanol (20 ml./g. fresh wt. of tissue) and were 
finely ground. Extraction was allowed to continue for 
24 hr. at room temperature. Extract and residue were 
separated by centrifuging, after which the residue was 
twice re-extracted with further portions of aqueous ethanol. 
The combined extracts were evaporated to dryness in a 
current of warm air and the residues redissolved in water. 
Measured volumes were used for radioactivity assays. 

Cationic fractions. These were prepared from the above 
extracts with small columns packed with Zeo-Karb 215 
cation-exchange resin exactly as described by Fowden & 
Webb (1958). Measured volumes of the final fractions were 
used for radioactivity assays. 

Separation of individual amino acids. Amino acids 
present in the cationic fractions were separated on two- 
dimensional paper chromatograms (final size 25 cm. x 
20 cm.; Whatman no. 3MM chromatographic-grade filter 
paper) with phenol—aq. NH, soln. (Dent, 1947) as the first 
solvent followed by butan-1-ol—acetic acid—water (Partridge 
1948) in the second direction. Radioautographs were pre- 
pared from each chromatogram to determine which amino 
acids had become radioactive. 

Radioactivity in individual amino acids. The areas of the 
chromatograms containing radioactive amino acids were 
cut out and extracted by disintegrating in 10 ml. of hot 
water. The radioactivity was then determined in measured 
fractions of this extract, after concentration, by the 
‘infinitely thin’ sample method of Calvin, Heidelberger, 
Reid, Tolbert & Yankwich (1949). The sample was pipetted 
on to a recessed aluminium planchette (2-1 cm. diam.) and 
covered with a circle of lens tissue paper. After drying, it 
was counted in a windowless gas-flow (methane) propor- 
tional chamber connected to a scaler. As samples possessed 
appreciable mass, correction was made for self-absorption 
of the radiation by the lens tissue and the sample itself. 
The background count was determined after the assay of 
each sample. The standard error of a determination was 
normally less than 10% of the recorded activity: the 
largest errors occurred during chromatography and sub- 
sequent elution of the radioactive amino acids from the 
filter paper. 

MC.Labelled chemicals. Ba*CO,, biosynthetic t-[14C]- 
aspartic acid, L-[“C]glutamic acid and p-[*C]glucose 
were obtained from The Radiochemical Centre, Amersham, 
Bucks. y-Amino-[}4C]butyric acid was obtained from the 
L-[“C]glutamic acid by decarboxylation with Clostridium 
welchit SR. 12 (NCTC 6784). L-ay-Diamino-[*C]butyric 
acid was prepared from L-[}C]glutamic acid by a micro- 
modification of the method of Adamson (1939). A portion 
of the L-xy-diamino-[“C]butyric acid was converted into 
DL-[/4C]azetidine-2-carboxylic acid by the method of 
Fowden (1956). The chemically synthesized amino acids 
were chromatographed and their purity was checked by 


14-2 
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radioautography. Phenol-aq. NH, soln., butan-l-ol- 
acetic acid—water and 70% (v/v) propan-l-ol were used as 
solvent systems. 


RESULTS 


Assimilation of [**C]carbon dioxide by Convallaria 
leaves. Leaves used were harvested in April or May. 
All the [**C]carbon dioxide supplied was assimi- 
lated during the first 30min. of illumination. 
Approximately 50% was absorbed after 7-5 min. 
and 90% after 15 min. During the early phase of 


L. FOWDEN AND M. BRYANT 


1959 


than when the carbon dioxide uptake was complete, 
Usually, though not in every case, the proportion 
continued to decrease when the leaves were kept} 
either in the light or dark for further periods of 
time up to 6 hr. (Table 1). After standing for 24 hr, 
in either light or dark, the total activity in amino 
acids was increased and accounted for a higher 
percentage of the activity of the ethanol-soluble 
fraction. 

Table 2 shows the changing pattern with time of 
the distribution of radioactivity between individual 


Vol. 7 
serine 
glutam 
heavie! 
A-2-C 
radioa 
y-Ami 
becam: 
was ™ 
where 
yamir 
presen 


amino acids of the leaves. Within the first 15-min, 
assimilation period the amino acids alanine and 


the reaction a higher proportion of the radioactivity 
was located in amino acids (the cationic fraction) 


to the 
measu! 
= cine a 
labelle 
the c@ 
identif 
Whe 
in con 
slowly 
activit 
serine, 
After 
marke 
cation: 
glutan 
15% « 
Alt 
of ind 
similai 
exact 
obtain 
since 
naturé 
Norm: 
factor: 
logical 
When 
summ 
24 hr. 
repres 


Table 1. 


Assimilation of radioactivity into 75 % (v/v) ethanol-soluble and cationic substances 
after feeding Convallaria leaves with [14C]carbon diowide 


L, Leaves maintained in light after CO, fixation; D, leaves maintained in complete darkness after CO, fixation. 


Activity of 75% 
(v/v) ethanol 
fraction 
(10-* counts/min./ 
0-1 g. fresh wt. of 
leaf extract) 


Percentage of 
activity of 
ethanol-soluble 
fraction in 
cationic fraction 


Activity of 
cationic fraction 
(10-* counts/min./ 
0-1 g. fresh wt. of 
leaf extract) 


Period of 
4CO, supply 
(min.) 


Further period 
in light or dark 
(hr.) 

Photosynthetic fixation: 
7-5 ( 633 
15 2049 
30 2135 
60 2176 
30 é 1661 
30 q 1835 
60 j 2363 
60 5 1940 67-8 
60 2 2015 57-1 
60 12D 1950 7-3 
60 24L 1110 105-0 
60 24D 997 102-3 
Dark-fixation of CO,: 5 hr. 82-3 14-7 
20 hr. oa 11-6 
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67-8 
107-6 
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Table 2. Radioactivities of individual amino acids at different times 
after feeding Convallaria leaves with [4C]carbon dioxide 


Activities of individual amino acids are expressed as percentages of the total activity present in all amino acids. -, No 
detectable radioactivity present. y-AB, y-Aminobutyric acid; L and D, see Table 1. 


Further 
period in Activities of individual amino acids 
light or — — . 
supply dark Glutamic 
(min.) (hr.) acid y-AB 
Photosynthetic fixation: 
15 0 
30 0 
60 0 
30 3L 
30 3D 
60 6L 
60 6D 
60 12L 
60 12D 
60 24L 
60 24D 
Dark-fixation of CO,: 5 hr. 
20 hr. 


Period 
of “CO, 
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grine became heavily labelled. The labelling of 
glutamic acid occurred more slowly and was 
heavier in leaves kept in the dark. The activity in 
A-2-C slowly increased until it was the major 
radioactive compound of the cationic fraction. 
yAminobutyric acid and glutamine ultimately 
became appreciably labelled; labelling of glutamine 
was more extensive in leaves kept in the light, 
whereas dark conditions in the first 6 hr. favoured 
yaminobutyric acid marking. Aspartic acid was 
present only in very low concentrations in relation 
to the other free amino acids and never gained 
measurable radioactivity. Proline, threonine, gly- 
cine and the basic amino acids became weakly 
labelled later and radioautographs showed that 
the cationic fractions occasionally contained un- 
identified substances possessing low activity. 

When leaves were exposed to [14C]carbon dioxide 
in complete darkness for 5 and 20hr., fixation 
slowly occurred. After 5hr. 40% of the total 
activity of the cationic fraction was present in 
serine, 31% in glutamic acid and 3% in A-2-C. 
After 20 hr. serine remained the most heavily 
marked amino acid and accounted for 32 % of the 
cationic activity. Glutamic acid, asparagine, 
glutamine and A-2-C each contained about 10- 
15% of the total activity. 

Although the results in Tables 1 and 2 are those 
of individual experiments, repeat experiments on 
similar leaves led to the same general conclusions: 
exact duplication of the numerical figures was not 
obtained nor could such duplication be expected 
since the leaves were from plants grown under 
natural conditions of light and temperature. 
Normal daily variation in these environmental 
factors would be expected to influence the physio- 
logical status of leaves collected on different days. 
When leaves collected from plants grown later in the 
summer were used, the activity present in A-2-C 
%hr. after the supply of [!4C]earbon dioxide 
represented a smaller proportion (about 20%) of 


METABOLISM OF AZETIDINE-2-CARBOXYLIC ACID 


213 


the total activity present in all amino acids. The 
early pattern of 14C-labelling of the amino acids 
remained unchanged. 

Experiments with “C-labelled organic substrates. 
Table 3 shows the results of experiments in which 
various C-labelled organic substances were fed to 
Convallaria leaves. The specific activities of the y- 
aminobutyric and «y-diaminobutyric acids used 
were one-tenth of those of glutamic and aspartic 
acids. All the substances were metabolized and 
when #4C-labelled amino acids were fed the cationic 
fractions contained higher proportions of the total 
ethanol-soluble activity than when [*4C]carbon 
dioxide was supplied. After feeding [}4C]-aspartic 
acid for 24hr., no radioactivity remained in the 
amino acid: asparagine became the most heavily 
labelled amino acid in leaves kept in the dark, 
whereas activity was accumulated principally 
into glutamic acid and glutamine in the light. 
Glutamine was also labelled most actively among 
the amino acids when [*4C]glutamic acid was fed. 
When y-amino-[#4C]butyric acid was supplied only 
3% of the original activity remained in the 
ethanol-soluble fraction after 24 hr., and the low 
activity of the cationic fraction was largely ac- 
counted for by residual y-amino-[}4C]butyric acid. 
Alanine, serine and glutamine gained the heaviest 
14C-labelling when [!4C]glucose was _ supplied, 
although many other amino acids also became 
radioactive. An unknown compound X, the main 
radioactive metabolite of «y-diamino-['C]butyric 
acid, occupied a position close to A-2-C (Fig. 1b) on 
a two-dimensional chromatogram developed in 
phenol—aq. NH, soln. (Dent, 1947), followed by the 
butan-1l-ol—acetic acid—water mixture of Partridge 
(1948). The radioactive spot did not correspond 
with any ninhydrin-reactive spot on the chromato- 
gram. Smaller amounts of this substance were 
formed when [!4C]aspartic acid was fed. 

A-2-C never became heavily labelled. No 
activity could be detected in the imino acid when 


Table 3. Distribution of radioactivity among various leaf fractions 
after feeding different *C-labelled organic substrates 


L, Leaves maintained in the light; D, leaves maintained in the dark; LD, leaves subjected to normal day and night 


conditions. 


Quantity supplied/ 
0-1 g. fresh wt. 


of leaf* 
ahs 


(uC) 
1-25 


Substance supplied and 
metabolism time 
(hr.) 
Aspartic acid (24L) 
Aspartic acid (24D) 
Glutamic acid (24L) 
y-Aminobutyric acid (24L) 
ay-Diaminobutyric acid (48 LD) 
Glucose (24D) 


25 


ie 
2. 
0-6 
0: 
es 


* 


we ee 


(ug-) 


Activity of 75% 
(v/v) ethanol 
fraction 
(10-* counts/ 
min./0-1 g. 
fresh wt. of 
leaf extract) 


346 
284 
940 
14-6 
145 
467 


Activity of 
cationic fraction 
(10-* counts/ 
min./0-1 g. 
fresh wt. of 
leaf extract) 


Percentage of 
ethanol-soluble 
activity in 
cationic 
fraction 
14:3 
13-2 
25-0 

56 
47-1 
7-0 


25 
25 
50 
85 
48 
14 


37-4 


* 1-25 wo is equivalent to approx. 10° counts/min. 





214 L. FOWDEN AND M. BRYANT 1959 


radioactive y-aminobutyric acid, «y-diamino- 
butyric acid or glucose was supplied. Weak 
labelling of A-2-C occurred in experiments in which 
[?4C]glutamic acid and [?*C]aspartic acid were fed, 
but the activity represented only a small percent- 
age of the total present in amino acids. No 
labelling of homoserine was ever detected. 

A small amount of substance X was eluted from 
paper chromatograms and subjected to hydrogena- 
tion at 4 atm. H, pressure with Adams platinum 
oxide catalyst, when it was converted into a second 
radioactive compound Y. This latter substance was 
not separable from added 13-A-2-C on a two- 
dimensional paper chromatogram run in phenol- 


Butan-1-ol-acetic acid-water —» 





0 6-2 0-4 R 0-6 0-8 1-0 


Ff 
Phenol-aq. NH, soln. 
(a) 





(9) 


Fig. 1. (a) Diagram of a two-dimensional chromatogram 
of the ninhydrin-reactive substances present in an ex- 
tract of Convallaria leaves. The spots shown are: 1, 
aspartic acid; 2, glutamic acid; 3, serine; 4, glycine; 5, 
asparagine; 6, threonine; 7, glutamine; 8, alanine; 9, 
probably lysine; 10, B-alanine; 11, azetidine-2-carboxylic 
acid; 12, proline; 13, y-aminobutyric acid; 14, valine. 
(5) Inset area of (a) with the superimposed spot (hatched) 
of radioactive substance X formed after feeding ay- 
diamino-[“C]butyric acid to Convallaria leaves. (c) 
Diagram obtained by superimposing a radioautograph 
showing radioactive substance Y formed by catalytic 
hydrogenation of radioactive compound X upon the two- 
dimensional chromatogram from which it was prepared 
and to which L-azetidine-2-carboxylic acid had been 
added. 


aq. NH; soln. for 24 hr. and in butan-1-ol-acetic 
acid—water mixture for 7 days, although the radio. 
active and ninhydrin-reactive spots were not 
entirely coincident (see Fig. 1c). 

When [14C]A-2-C was supplied to the leaves it was 
only slowly degraded; 48 hr. after feeding a high 
percentage of the activity remained in A-2-C, but 
threonine, glutamine and two unidentified sub. 
stances had become weakly labelled. 

Only [*4C]aspartic acid has been supplied to 
root and rhizome tissue. The behaviour of corre- 
sponding tissues from Convallaria and Polygonatum 
was generally similar (Table 4). For all tissues a 
fairly constant and small percentage of the radio- 
activity supplied appeared in the respiratory 
carbon dioxide during 24hr. The total activity 
present in substances of rhizome tissues soluble in 
75% (v/v) ethanol was appreciably higher than 
that of roots. Activity present in cationic sub- 
stances of Polygonatum rhizome was far higher 
than for any other tissue, and was due largely to 
the 14C-labelling of glutamine. This amide also 
accounted for a high percentage of the activity of 
the cationic fraction of Convallaria rhizome. In 
root tissues of both plants lysine gained the 
heaviest ™C-marking among the cationic sub- 
stances. A-2-C was labelled more heavily in root 
than in rhizome tissues. The degree of labelling of 
the imino acid observed in these root tissues was 
considerably larger, in relation to the other amino 
acids, than that obtained in the earlier experiments 
in which Convallaria leaves were fed with [*C}- 
aspartic acid. 


DISCUSSION 


During the photosynthetic assimilation of [™C]- 
carbon dioxide by Convallaria leaves, alanine was 
the first amino acid to attain its maximum degree 
of labelling. Subsequently serine and then glut- 
amic acid reached their own maxima. This 
succession is similar to that reported for soya-bean 
leaves (Racusen & Aronoff, 1954), sugar-beet 
leaves (Towers & Mortimer, 1956) and groundnut 
leaves (Fowden & Webb, 1958). In some of these 
leaves aspartic acid became labelled in the early 
stages of [?4C]carbon dioxide fixation, but in Con- 
vallaria leaves no appreciable incorporation of 
radioactivity into this amino acid could be de- 
tected. This finding was probably due to the 
unusually low concentrations of free aspartic acid 
present in the leaves. 

A-2-C was labelled only weakly in the first hour 
after the supply of [?4C]earbon dioxide, but it 
continued to gain activity slowly for about 12 hr. 
and then remained at approximately the same 
absolute activity for a further 12 hr. When ex- 
pressed as a percentage of the total cationic 
activity, the increase in the activity present in the 
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imino acid was more marked and was especially 
noticeable between the first and sixth hours after 
supply of [**C]carbon dioxide, when the activities 
of alanine and serine were decreasing rapidly. 
Synthesis of A-2-C then would seem to be a process 
only distantly related to the primary products of 
photosynthesis and to involve reactions that are 
additional to and probably much slower than the 
intermediary processes of metabolism leading to 
the synthesis of the common amino acids of 
proteins. Although A-2-C eventually contained 
more activity than any other amino acid, its 
specific activity remained relatively low; analyses 
have shown that more than 70% of the total free 
x-amino- and imino-nitrogen of Convallaria leaves 
may be accounted for by the imino acid (Fowden, 
1956). The relatively slow rate of synthesis and the 
large accumulations in which it is found in some 
plants are reminiscent of alkaloid physiology. The 
apparent similarity with alkaloids can be seen also 
in the slow rate at which A-2-C was degraded by 
Convallaria leaves and by the results of the [#4C]- 
aspartic acid-feeding experiments with the differ- 
ent tissues, which suggest that roots may be the 
most effective organ for imino acid synthesis 
(compare nicotine synthesis, which is primarily a 
function of the roots in the tobacco plant). 

No definite conclusions about the manner in 
which A-2-C is synthesized are possible from the 
experiments in which “C-labelled organic sub- 
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strates were fed to Convallaria leaves. A-2-C was 
weakly labelled after the supply of [4C]glutamic 
acid and ['4C]aspartic acid, but its activity after 
24 hr. was less than 1 % of the total present in all 
the free amino acids (compare with the corre- 
sponding figure of 60% obtained in the main 
[44C]carbon dioxide feeding experiments). Accord- 
ing to Linko (1958) A-2-C was not labelled 12 hr. 
after feeding [4C]Jaspartic acid to Convallaria 
leaves. [14C]Glucose might be expected to produce 
by the glycolytic pathway the same C-labelled 
intermediates that are found among the early 
products of photosynthetic ['4C]earbon dioxide 
assimilation. The failure to obtain labelling of 
A-2-C with [*4C]glucose was therefore unexpected 
and no convincing explanation can be advanced at 
present to account for this result. 

The main [!4C]carbon dioxide experiments were 
performed on leaves from plants stored for only a 
short period at 4° and grown in April and May, 
whereas those used in the C-labelled amino acid- 
feeding experiments were from plants grown later 
in the year after considerably longer storage of the 
crowns at 4°. Prolonged cold storage may have 
limited the ability of excised leaves from such 
plants to synthesize A-2-C. However, the maxi- 
mum labelling of A-2-C resulting after [*4C]amino 
acid feeding was still only about one-twentieth of 
that obtained when [!4C]carbon dioxide was 
supplied to similar late-season leaves. Translocation 


Table 4. Distribution of radioactivity between various fractions and in individual amino acids 
after feeding [}4C]aspartic acid to Convallaria and Polygonatum root and rhizome tissues 


Figures in parentheses represent the activities of individual amino acids expressed as percentages of the total activity of 


the cationic fraction. 


Activities of fractions and amino acids 
(10-% counts/min./0-1 g. fresh wt. of tissue) 
AW - 








oo = 
Convallaria Polygonatum 
ee —?s_—— 
Rhizome Root Rhizome Root 

Aspartic acid supplied 4000* 6400* 4000* 6400* 
Respiratory CO, 474 647 310 400 
Fraction soluble in 75% (v/v) ethanol 1469 949 1810 632 
Cationic fraction 251 273 710 53-8 
Aspartic acid 75 (3-0) 11-6 (4-2) 15-1 (21) 2-9 (5:5) 
Glutamic acid 17-2 (6-9) 12-3 (4-5) 80 (11-3) 1-8 (3-3) 
Serine 5-3 (2-1) 7-4 (2-7) 16-9 (2-4) 2-3 (4-2) 
Threonine 3-2 (1-3) — 10-5 (1-5) — 
Alanine 3-1 (1-2 3-7 (1-4) 21-1 (3-0) — 
Glutamine 96 (38-2 36 (13-2) 454 (63-9) 1-5 (2-7) 
Arginine 6-5 (2-6) 6-2 (2-3) 0-5 (0-1) _ 
Lysine 4-3 (1-7) 41 (15-0) 4-5 (0-6) 20-3 (37-7) 
Proline 1-6 (0-6) 9-4 (3-4) 7-0 (1-0) 1-2 (2-2 
y-Aminobutyric acid 0-5 (0-2 2-3 (0-8) 1-0 (0-1) —— 
A-2-C 1-9 (0-8) 29 (10-7) 2-0 (0-3) 2-5 (4-7) 
Valine — — 5-9 (0-8) — 
Asparagine 36 (14-3) 26-2 (9-6) — 1-8 (3-4) 
Total in determined amino acids 183 (73-0) 186 (68-9) 618 (87-1) 34-3 (63-7) 


* 10° Counts/min. were equivalent to approx. 1-25 uc and 25 yg. of [1C]aspartic acid. 
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from root or rhizome could conceivably be mainly 
responsible for the normal accumulations of the 
imino acid within these leaves. This possibility 
finds support in the observation that, when 
[}4C]aspartic acid was used, the most effective 
labelling of A-2-C occurred in root tissues, both 
in Convallaria and Polygonatum. The relatively 
heavy labelling of lysine in roots supports the idea 
that the biosynthesis of the amino acid involves a 
condensation utilizing aspartic acid as in Escherichia 
coli (Roberts, Abelson, Cowie, Bolton & Britten, 
1955). 

The nature of the main radioactive product X of 
feeding with ay-diaminobutyric acid is unknown. 
The similarity between its chromatographic posi- 
tion and that of A-2-C suggests that it might be the 
closely related A1*-dehydroazetidine-2-carboxylic 
acid, which could be formed from diaminobutyric 
acid via y-amino-«-oxobutyric acid as an inter- 
mediate. Catalytic hydrogenation of the unsatur- 
ated compound would lead to pt-A-2-C. This may 
be identical with substance Y formed from X by 
hydrogenation. Although slight separation was 
observed on paper chromatograms between the 
radioactive spot of Y and added t-A-2-C the 
resolution obtained was not greater than that 
previously reported for the stereoisomers of certain 
other amino acids (Lederer & Lederer, 1957). If 
X is Al*-dehydroazetidine-2-carboxylic acid, the 
final reduction step to A-2-C must have been 
blocked within the leaf under the experimental 
conditions used, but no satisfactory reason for this 
can be advanced at present. 

Since [!4C]earbon dioxide gave more effective 
labelling of A-2-C than any other substance fed to 
Convallaria leaves, it was possible that fixation of 
carbon dioxide by a three-carbon atom compound 
led directly to the imino acid or to a closely related 
four-carbon atom precursor. However, this idea 
requires that the period of most intensive A-2-C 
labelling should coincide with the time of maximum 
[#4C]carbon dioxide absorption by the leaf. But 
absorption was complete in 30 min., whereas the 
activity of A-2-C increased (both as absolute 
counts/min. and when expressed as a percentage of 
the total activity of the cationic fraction) most 
markedly between the first and sixth hours. Since 
it is most unlikely that carbon dioxide was simply 
absorbed by the leaf and remained in this form for 
long periods before assimilation, the idea of a 
fixation process in A-2-C biosynthesis finds no 
support. 

The fact that the mechanism whereby A-2-C is 
synthesized remains unsolved can be attributed 
largely to the sluggishness of the metabolic pro- 
cesses involved: higher plant tissues used have 
proved unsuitable for this reason. Although germi- 
nating seeds often prove to be metabolically more 
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active than maturing tissues it has not been possible 
to use them in the present studies because the 
germination of liliaceous seeds is notoriously 
sporadic. If a micro-organism capable of rapidly 
synthetisizing A-2-C were found there would be no 
difficulty in ascertaining the site of imino acid 
synthesis, and the processes involved would 
proceed at rates more suitable for biochemical 
analysis. 


SUMMARY 


1. The synthesis of azetidine-2-carboxylic acid in 
Convallaria leaves (lily-of-the-valley) has been 
studied by feeding “C-labelled ‘carbon dioxide, 
glucose, aspartic acid, glutamic. acid, y-amino- 
butyric acid and «y-diaminobutyric acid. Appreci- 
able labelling of azetidine-2-carboxylic acid occurred 
after the supply of ['4C]earbon dioxide, but the 
imino acid became radioactive more slowly than 
alanine, serine and glutamic acid. Weak labelling 
occurred after aspartic and glutamic acid feeding. 
No activity could be detected in azetidine-2. 
carboxylic acid after supplying C-labelled glucose, 
y-aminobutyric acid and «y-diaminobutyric acid. 

2. [14C]Azetidine-2-carboxylic acid was only 
slowly degraded by Convallaria leaves. 

3. The main product X of feeding with ay- 
diamino-[4C]butyric acid was catalytically hydro- 
genated to give a substance Y that overlapped 
L-azetidine-2-carboxylic acid on two-dimensional 
paper chromatograms. X may be A??-dehydro- 
azetidine-2-carboxylic acid; Y would then be pt- 
azetidine-2-carboxylic acid. 

4. [44C]Aspartic acid was supplied to roots and 
disks of rhizome tissue of Convallaria and Poly- 
gonatum. More radioactivity was incorporated into 
azetidine-2-carboxylic acid by roots than by 
rhizomes or leaves. 


Some of the work reported forms part of a Ph.D. thesis 
submitted to the University of London by one of us 
(M.B.). The investigation was supported by grants from the 
Rockefeller Foundation and the Central Research Fund of 
the University of London. 
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Effect of pH on Fluorescence of Tyrosine, 
Tryptophan and Related Compounds 


By AUDREY WHITE 
Department of Biochemistry, University of Sheffield 


(Received 28 July 1958) 


Unlike the absorption spectrum, the fluorescence 
spectrum of proteins is not the simple sum of the 
contributions of the aromatic amino acids in 
neutral water solutions (Teale & Weber, 1956). 
A study of the behaviour of substituted aromatic 
amino acids and simple peptides was undertaken in 
an attempt to elucidate phenomena contributing to 
the fluorescence of proteins. Ultraviolet excitation 
was used to reach the lowest excited singlet state of 
the compounds and interest was concentrated in 
energy loss by processes competing with fluor- 
escence, i.e. a reduction in the quantum yield of 
fluorescence. The changes in fluorescence yield 
with hydrogen-ion concentration were studied. 


EXPERIMENTAL 
Methods 


The fluorescence-excitation spectra were determined by 
means of the apparatus described by Teale & Weber (1956). 
Briefly, the principle was to irradiate a cell containing the 
test solution with monochromatic light and to view the 
light emitted at right-angles to the incident light by means 
of a photomultiplier. A filter to block any scattered 
exciting light was interposed between the cell and the 
photomultiplier. The photomultiplier was an EMI 6255 or 
27M3 Mazda. A Perspex filter absorbing light of wave- 
lengths less than 300 my was used to separate exciting light 
and fluorescence. 

Cells of black mat glass with crystalline-quartz windows 
attached by a non-fluorescent cement were used to reduce 
toa negligible value cell fluorescence with irradiating light 
of wavelengths 230-260 mp (Weber & Teale, 1958). 

To eliminate the effect of pH on absorption of the tyro- 
sine derivatives the illuminating wavelength was chosen at 
the isosbestic point (Fig. 1). 

Hydrochloric acid was used to adjust the pH of the 
aqueous solutions on the acid side of neutrality and sodium 
hydroxide solution for the alkaline pH values. No buffer 
solutions were used. The instrument used to measure the 


pH values was a Cambridge Pye pH meter with a glass and 
a standard calomel electrode. The pH scale was standard- 
ized according to the B.S. specification. 


Materials 


The methyl esters of tyrosine and tryptophan were pre- 
pared by the following modification of the method of 
Brenner & Huber (1953). A mixture of thionyl! chloride, 
methanol and tyrosine (in the molecular proportions 
1:8:1) was allowed to stand for 12 days at room temper- 
ature. The methanol was removed under reduced pressure, 
the residue dissolved in water, and adjusted to pH 6 and 
extracted with ether. A white crystalline material was 
obtained (m.p. 134-138° uncorr.), which on a paper chro- 
matogram with butanol-acetic acid—water solvent mixture 
(4:1:5) had Ry 0-585 compared with 0-3 for tyrosine. In the 
preparation of the tryptophan methyl ester the thionyl 
chloride, methanol, tryptophan mixture (in the molecular 
proportions 1:8:1 as described above) was maintained at 
0° for some hours until a heavy salmon-pink precipitate 
was formed from the dark-red solution. The methanol was 
removed as described above and an ether extraction per- 
formed. Upon crystallization from chloroform white 
crystals which became yellow on standing were obtained 
(m.p. 70° uncorr.) N-Acetyltyrosine was prepared from 
L-tyrosine by the method of du Vigneaud & Meyer (1932). 
N-Acetyltryptophan was prepared from pL-tryptophan by 
the method of du Vigneaud & Sealock (1932). Polytyrosine 
(average chain length 45) was a gift from Dr E. Katchalski. 
Glycyltyrosylglycine was a gift from Dr R. Pitt-Rivers. 
Tyrosine O-phosphate was a gift from Dr T. Hofman. The 
glycyl derivatives were commercially available, glycyl- 
tyrosine from Hoffman—La-Roche and Co. and glycyl- 
tryptophan from Roche Products Ltd. 


RESULTS AND DISCUSSION 


Fluorescence-excitation spectra 


The fractional absorption spectra at neutrality 
were found to correspond well with the fluor- 
escence-excitation spectra both at neutrality and in 
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the region of increased quantum yield, i.e. pH 9-5 
for tyrosine derivatives and pH 10-3-11-0 for 
tryptophan derivatives. The fluorescence-excitation 
spectrum and the fractional absorption spectrum 
are defined by Teale & Weber (1956). 


Tyrosine and derivatives 


The pH value at which half of the fluorescence at 
neutrality is present will be called in the follow- 
ing the pH, value. For tyrosine methyl ester 
pH,= —0-6 (Fig. 1). Glycyltyrosine and tyrosine 
have pH, values of 3-0 and 2-45. At this concentra- 
tion the quenching is probably non-collisional and 
may be envisaged as the transport of H* ion by the 
CO, group from the solution to the neighbourhood 
of the excited molecule. For collisional quenching 
one or more collisions must occur during the life- 
time of the excited state (Bowen, Barnes & 
Holliday, 1947; Umberger & la Mer, 1945). From 
diffusion theory, Z=10!°.cr, where Z=number of 
collisions/sec., c= molar concentration of quencher, 
7+=lifetime of the excited state, with r= 10- sec. 
For pH, 3-0, Z=0-1, whereas for pH, 0, Z= 100. 
The low values (pH, 0-3 to — 0-8) observed for the 
other derivatives are therefore consistent with the 
familiar collisional quenching by H* ions. 

In the alkaline range tyrosine, phenol and tyr- 
amine exhibit pH, 9-7, but other derivatives show 
a displacement to higher pH values (Fig. 2). The 
pK values for dissociation of the phenolic hydroxyl 
group are: phenol 10, tyrosine 10-07 (electrometric 


titration, Winnek & Schmidt, 1935), glycyltyrosine 


10-4 (electrometric titration, Greenstein, 1932), 
polytyrosine approx. 11-3 (spectrophotometric 


Intensity of fluorescence 


= = oh. 
-0-9 -0:3 +03 123456 
-06 0 +06 


pH 


Fig. 1. Acid-quenching of fluorescence of tyrosine deriva- 
tives. Wavelength at isosbestic point (given for each 
compound) was used for excitation. A, Tyrosine 
(268 my); m, glycyltyrosine (268 mu); O, glycyltyro- 
sylglycine (268 mp); @, phenol (258 my); O, tyro- 
sine methyl ester (269my); A, tyramine (265 my); 
@. polytyrosine (268 my). 


titration, Katchalski & Sela, 1953). The quenching 
at alkaline pH follows closely the titration curve of 
the phenolic hydroxyl, thus showing that the ionized 
species is non-fluorescent. Where the phenolic 
group is substituted as in anisole and tyrosine 
O-phosphate quenching of fluorescence does not 
occur until pH values greater than 14 are reached, 

Crammer & Neuberger (1943) working with 
ovalbumin and Tanford (1950) with serum albumin 
have related an increased pK of the phenolic group 
in proteins with hydrogen bonding. An inhibition 
of dissociation of the phenolic group in polytyrosine 
is in keeping with the experimental findings of a 
high pH of alkaline-quenching of fluorescence. 

The alkaline pH, values in, glycyltyrosine, 
glycyltyrosylglycine and tyrosine methyl ester may 
correspondingly suggest some inhibition of dissoci- 
ation of the phenolic group. There may possibly be 
interaction of the long flexible side chain of the 
glycyl derivatives with the phenolic group directly 
and perhaps an indirect effect via the aromatic 
nucleus where the side chain is short as in the 
methyl ester. 

A feature of the alkaline pH range was the 
appearance of a maximum in the fluorescence of the 
glycyl derivatives at pH 9-5 (Fig. 4). 

The quantum yields relative to that of tyrosine 
(Weber & Teale, 1957) were measured with neutral 
aqueous solutions of a standard optical density at 
270 mp (Table 1). Removal of the side chain, 
removal of the carboxyl group and N-acetylation 
leave the quantum yield almost unchanged. 
Glycylation of the amino group and esterification 
of the carboxyl group both considerably reduce the 
quantum yield of fluorescence. 





Intensity of fluorescence 


C5, ce ee NO 
pH 
Fig. 2. Alkaline-quenching of fluorescence of tyrosine 
derivatives. Wavelength at isosbestic point was used for 
excitation. A, Tyrosine, phenol, tyramine; @, glycyl- 
tyrosine, glycyltyrosylglycine, tyrosine methyl ester; 
O, polytyrosine; A, tyrosine O-phosphate, anisole. 
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Table 1. Quantum yield of fluorescence of tyrosine and tryptophan derivatives in neutral aqueous solution 


Quantum yield 
(exciting wavelength 

Compound 270 mp) 
Tyrosine 0-21 
Phenol 0-20 
Tyramine 0-21 
N-Acetyltyrosine 0-21 
Glycyltyrosine 0-079 
Tyrosine methyl ester 0-046 
Glycyltyrosylglycine 0-05 
Polytyrosine 0-072 
Anisole 0-166 
Tyrosine O-phosphate 0-18 


ree 


Intensity of fluorescence 


2 ee ae 
pH 
Fig. 8. Acid-quenching of fluorescence of tryptophan 
derivatives. Wavelength of excitation 280 mp. @, 
Indole; O, tryptamine; A, tryptophan methyl ester; 
A, tryptophan; g, N-acetyltryptophan. 


06 


04 


Absolute quantum yield of fluorescence 


8 9 10 11 12 13 
pH 
Fig. 4. Occurrence of maxima in alkaline-quenching 
curves of tryptophan and three derivatives, and two 
tyrosine derivatives. @, Tryptophan; O, tryptamine; 
A, tryptophan methyl ester; A, glycyltryptophan. 
0, glycyltyrosine; m, glycyltyrosylglycine. 


Quantum yield 
(exciting wavelength 

Compound 280 mp) 
Tryptophan 0-20 
Indole 0-40 
Tryptamine 0-40 
N-Acetyltryptophan 0-25 
Glycyltryptophan 0-055 
Tryptophan methyl ester 0-06 


Tryptophan and derivatives 


A comparable set of data was collected for the 
tryptophan derivatives. Acetylation of the amino 
group (Fig. 3) left the acid pH, value at 2-8, which 
was close to that of tryptophan (pH, 2-4). As with 
the tyrosine derivatives, removal or esterification of 
the carboxyl group displaced the pH of acid- 
quenching to lower values. Indole is not inter- 
mediate as was phenol and the shift in pH values is 
only —1 pH unit whereas in phenol the displace- 
ment was —3 pH units. 

The tryptophan derivatives examined showed 
alkaline pH, values ranging from pH, 10-9 in 
tryptophan to pH, 12-75 in tryptophan methyl 
ester. The compounds exhibiting this displacement 
include tryptamine and indole, in contrast with the 
similarity of alkaline pH, shown by tyrosine, 
tyramine and phenol. 

Four of the tryptophan derivatives exhibited a 
fluorescence maximum (Fig. 4). These and the two 
tyrosine derivatives which show this peak in the 
alkaline-quenching curve have a free amino group, 
and the region of rise in fluorescence corresponds 
with titration of the amino group. The maximum is 
therefore due to the combination of two factors: 
(i) titration of the amino group giving an un- 
charged species with a higher fluorescent yield and 
(ii) either quenching by hydroxy] ions or ionization 
of the phenolic hydroxyl group. Because of varia- 
tions in either or both of these factors the height 
and position of the maxima may be expected to 
show considerable variation. 

The quantum yields of fluorescence of the trypto- 
phan derivatives in neutral aqueous solution with 
exciting light of 280 my are given in Table 1. Where 
no side chain is present, as in indole, and where the 
side chain is small and lacking a carboxyl group, as 
in tryptamine, the quantum yield of fluorescence is 
greater than with tryptophan. N-Acetyltrypto- 
phan gives a quantum yield between that of indole 
and of tryptophan. However, glycyltryptophan 
and the tryptophan ester show a drastic reduction 
in quantum yield as with the corresponding 
tyrosine derivatives. 
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The alkaline-quenching has been found to be a 
particular case of the quenching of fluorescence by 
transfer of a H™ ion from a nitrogen atom belonging 
to an excited molecule to the OH’ ion (G. Weber & 
A. White, unpublished work). Such cases were first 
observed by Boaz & Rollefson (1950). The necessity 
of a mobile hydrogen atom in NH for this reaction 
to occur has been checked by observing the lack of 
quenching of fluorescence of N-methyl indole by 
OH” ions in 5n-sodium hydroxide. The reactions 
may be represented as: 

R*NH+hyv > R*:NH (excited singlet state) 
R*-NH+ OH >R*:N +H-OH 

R*-N + R*N_ (radiationless) 

RN +H-:-OH > R-NH+ OH 

The reaction R**N” + R°*N_ is either radiation- 
(x-naphthylamine) or radiative with low 
efficiency (f-naphthylamine) (Boaz & Rollefson, 
1950). In indole derivatives in N-sodium hydroxide 
no detectable fluorescence has been found to be 
emitted at any wavelengths. 


less 


SUMMARY 


1. The influence of pH on the fluorescence of 
tyrosine, tryptophan and related compounds was 
investigated. 

2. The pH of acidic half-quenching of fluor- 
escence (pH,) of tyrosine and tryptophan and their 
derivatives with an intact carboxyl group corre- 
sponds approximately to the pK of the carboxyl 
and falls to a much lower value in those derivatives 
where the carboxyl group is substituted or replaced. 

3. Tyramine, tyrosine and phenol are converted 
into non-fluorescent species on dissociation of the 
phenolic hydroxyl group, the quenching of the fluor- 
escence appearing as a sensitive test of this dissocia- 
tion asshown by the effect of substituents, hydrogen- 
bonding and chemical substitution of the hydrogen. 
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4. The existence of a peak in the alkaline pq 
range is described for two tyrosine and four trypto- 
phan derivatives. A free amino group is apparently 
a necessary but not a sufficient condition for this 
maximum to be present. 

5. The relative quantum yield in neutral aqueous 
solution and at a chosen wavelength was measured 
for the compounds mentioned. 

6. The fluorescence-excitation spectra of the 
majority of the derivatives were determined in 
neutral and alkaline solutions and found to corre. 
spond with the fractional absorption spectra at 
neutrality. 

The author wishes to thank Dr G. Weber for the initia. 
tion of this work and his continued encouragement, and 
Dr F. W. J. Teale for helpful discussion. The financial help 
of the Medical Research Council and the Medical Research 
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The Nature of the Extra Protein Fraction from 
Myofibrils of Striated Muscle 
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When isolated myofibrils are extracted with solu- 
tions considered to be selective for myosin most of 
the material responsible for the difference in 
refractive index between the A and I bands 

* Research Fellow of the Rockefeller Foundation, 


1957-8. Present address: Department of Biochemistry, 
Medical Academy, Gdansk, Poland. 


(A substance) is removed, Under these conditions 
Szent-Gyérgyi, Mazia & Szent-Gyérgyi (1955) have 
claimed that, in addition to the myosin, protein 
material amounting to approximately 20% of the 
total myofibrillar nitrogen passes into solution. 
Evidence has been presented by de Villafranca 
(1956) that this additional material, the so-called 
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extra protein fraction, consists mainly of a protein 
somewhat similar to tropomyosin in properties 
although not identical with it. Subsequent studies 
(Perry & Corsi, 1958; Hanson & Huxley, 1957) 
have indicated that extra protein represents a 
considerably smaller fraction of well-washed 
myofibrils than the original results of Szent- 
Gyérgyi et al. (1955) would suggest. Furthermore, 
recent electrophoretic evidence obtained by Corsi 
(1957) has shown that the extra protein fraction 
contains several components, of which he con- 
siders tropomyosin to be the most abundant when 
the myofibrils are extracted at lower pH values. 
Independent work in this Laboratory has also 
indicated that the extra protein fraction obtained 
fom myofibrils isolated from fresh muscle is 
heterogeneous, and this paper is concerned with 
its chromatographic resolution into four main 
fractions, two of which do not appear hitherto to 
have been isolated from myofibrils. This investiga- 
tion forms part of a general study of the muscle 
proteins by the methods of ion-exchange chromato- 
graphy, with the aim of precise characterization of 
components present in the myofibril in addition to 
myosin, actin and tropomyosin. 


METHODS 


Chromatography. (2-)Diethylaminoethylcellulose was 
prepared from Solka-Floc BW. 200 (Brown Co., Boston, 
Mass., U.S.A.) by the method of Peterson & Sober (1956). 
Total N estimations carried out by the micro-Kjeldahl 
technique on each batch gave values ranging from 0-95 to 
1:36%. Before use the diethylaminoethylcellulose was 
suspended in about 100 vol. of the buffer in which was 
dissolved the protein later to be applied to the column. 
After washing four times by centrifuging and resuspension 
in fresh buffer, the cellulose was poured into the chromato- 
graphy column as a thick slurry, and packed in one opera- 
tion by the application of 10 em. Hg pressure. Finally the 
column was washed overnight or until the extinction at 
280 mu of the eluate was negligible and the pH identical 
with that of the buffer applied. Protein solutions were 
usually run into the column without pressure, but sub- 
sequent elution with buffer was carried out under a 
pressure of about 60cm. water. Chromatography was 
carried out at 0° in all cases. When KCl gradients were 
applied to the column the total chloride concentration of 
the eluate was followed by titration with 0-02n-AgNO, and 
potassium chromate as an internal indicator. As judged by 
absorption at 280 my about 60% of the applied material 
was recovered from the column when the ionic strength of 
the eluent was increased to about 2-0. 

The diethylaminoethylcellulose was used repeatedly 
after regeneration by washing by centrifuging and resus- 
pension four times with 1% NaOH followed by four times 
with water. 

Preparation of myofibrils. Myofibrils were prepared from 
the back and leg muscles of the rabbit by the method 
already described (Perry & Grey, 1956) with the following 
modifications. (1) Initial homogenizations of the minced 


muscle were carried out in 25 mm-KCl containing 39 mm- 
sodium borate buffer, pH 7-1 (Perry, 1953), but after 
removal of the myofibrillar layer from the sedimented 
whole homogenate all subsequent resuspensions and 
washings were carried out in 0-1mM-KCl containing 39 mm- 
sodium borate buffer. (2) Homogenization and resuspen- 
sion of myofibrils was carried out in 900 ml. of suspension 
for each 100 g. of the original minced muscle. Once the 
crude myofibrils had been separated from the fibrous 
material and unbroken residue of the muscle they were 
washed eight times by centrifuging, instead of five times as 
in the earlier method (Perry & Grey, 1956). Thus the 
myofibrils from 300 g. of minced muscle were washed with 
20-25 1. of buffer. Yield was about 600-800 ml. of an 
approx. 2% suspension. 

Larger amounts of less well-washed myofibrils, so-called 
crude preparations, were obtained in a similar manner by 
homogenizing and resuspending the myofibrils in a total 
volume of 700 ml. of buffer/100 g. of minced muscle and 
restricting the washing to four long centrifugings in addi- 
tion to the short centrifuging to remove coarse material. In 
this case, myofibrils from 300-400 g. of muscle were 
washed with about 101. of buffer. 

Preparation of extra protein. Extra protein was prepared 
by extracting 1 vol. of a concentrated myofibril suspension 
with 3 vol. of a solution containing 0-47mM-KCl, 0-1m- 
potassium phosphate buffer, pH 6-5, mm-MgCl, and 10 mm- 
sodium pyrophosphate (Hasselbach & Schneider, 1951). 
After standing for 20 min. at 0° the insoluble material was 
centrifuged for 30 min. at 600 g and the turbid supernatant 
dialysed against 0-04m-KCl containing 6-7 mm-potassium 
phosphate buffer, pH 7-2, until precipitation was complete. 
The gelatinous precipitate was removed by centrifuging 
for 20 min. at 40 000 g, and the resulting clear supernatant 
containing extra protein (Z,.,, at 280 mp usually about 
0-6-0-7) concentrated by freeze-drying or salted out by 
saturating with ammonium sulphate. 

Preparation of fractions II and IV. Fraction II was 
prepared from the extra protein in the following way. The 
dilute supernatant obtained after the (acto)myosin pre- 
cipitation was adjusted to 0-1mM-KCl by the addition of 
solid KCl and the pH brought to 7-6 by the addition of 
M-2-amino-2-hydroxymethylpropane-1:3-diol (tris) solu- 
tion. This solution of extra protein was run straight into a 
column of diethylaminoethylcellulose (10-15 g. for about 
lg. of extra protein) previously equilibrated against 
0-02M-tris HCl buffer, pH 7-6, containing 0-1mM-KCl. After 
the protein had been washed in the column with the latter 
buffer until Z,,,,. at 280 mp of the eluate reached a 
negligible value, fraction II was eluted by the stepwise 
increase of. the concentration of the KCl in the buffer 
solution to 0-22m. Globulin was isolated from this fraction 
by dialysis against water. 

Fraction IV was likewise separated from the same sample 
of dilute extra protein solution by collecting the fraction 
eluted between 0-4m-KCl and 1-5m-KCl. 

Preparation and extraction of muscle granules. Minced 
rabbit skeletal muscle was homogenized for 2 min. with 
6 vol. of 0-1u1-KCl containing 39 mm-sodium borate buffer, 
pH 7-1. The homogenate was centrifuged for 20 min. at 
600g, the turbid supernatant removed carefully and 
filtered through a very thin layer of glass wool. This sus- 
pension was again centrifuged at 600g for 20min. to 
sediment any myofibrils remaining in suspension and the 
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granules were sedimented out of the supernatant by 
centrifuging for 2 hr. at 15 000 g. After resuspension in the 
original KCl-borate medium the granules were spun down 
again to remove the bulk of contaminating sarcoplasm and 
finally treated as for the extraction of extra protein (see 
above). After dialysis against 0-04m-KCl containing 
6-7 mm-phosphate buffer, pH 7-2, the precipitate was 
centrifuged off and the clear supernatant was dialysed 
against 0-1 m-KCl containing 0-02M-tris HCl buffer, pH 7-6, 
and applied directly to the diethylaminoethylcellulose 
column. 

Sarcoplasmic extracts. Freshly minced muscle was homo- 
genized with 3 vol. of 0-039m-sodium borate buffer, pH 7-1, 
containing 0-025 or 0-10m-KCl. The bulk of the myofibrils 
was removed by centrifuging for 30 min. at 600g and the 
supernatant subsequently recentrifuged for 2hr. at 
15 000g to remove granular material. The clear super- 
natant was dialysed against 0-02m-tris HCl buffer, pH 7-6, 
containing 0-1mM-KCl and applied directly to the column. 

Preparation of other muscle proteins. L-Myosin was 
prepared as described by Perry (1955), F-actin by the 
method of Straub (1943) as modified by Bailey & Perry 
(1947) and twice-crystallized tropomyosin by the method of 
Bailey (1948). These proteins were isolated from rabbit 
skeletal muscle in all cases. 

Viscometry. Actomyosin formation was evaluated by 
determining the fall in viscosity obtained when adenosine 
triphosphate (ATP) was added to a final concentration of 
0-8 mm to a solution containing L-myosin and the protein 
under investigation. The response was compared with that 
of F-actin. Viscosity estimations were carried out at 0° in 
a solution containing 0-5m-KCl and 0-05M-potassium 
phosphate buffer, pH 7-1. 

Tropomyosin assays were also carried out viscometrically 
by a method described earlier (Perry, 1953; Perry & Corsi, 
1958). which depended on the fall in viscosity obtained on 
the addition of KCl to a solution of tropomyosin in a buffer 
of low ionic strength. 
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Enzymic assays. All determinations were carried out at 
25° with short incubation times (usually 5 min.). Adeno. 
sine triphosphatase (ATPase) measurements were carried 
out by the standard procedure used in this Laboratory 
(Perry & Grey, 1956), and aldolase assays under the 
experimental conditions described by Sibley & Lehninger 
(1949). ATPase activity was expressed in yl. of P gas 
liberated in 1 hr. by 1 ml. of protein solution of E, ... 14 
at 280 my. This is identical with the Q, value (Bailey, 
1942) when £}%, was 10-0 at 280 mp. 

5’-Adenylic deaminase determinations were carried out 
in a total volume of 2 ml. containing 0-05m-sodium succ- 
nate buffer, pH 5-9, and 5 mm-adenosine monophosphate, 
The reaction was stopped with 1 ml. of 15% (w/v) tr. 
chloroacetic acid. After nesslerization the NH, present was 
determined by measuring the absorption at 490 my in the 
Beckmann spectrophotometer. 

Materials. ATP and adenosine monophosphate (AMP) 
were supplied by Sigma Chemical Co. Fructose diphos. 
phate was prepared as the dibarium salt by Mr D. Gardiner 
of this Department by a modification of the method of 
Neuberg & Lustig (1942). The nucleic acids used for 
purposes of comparison in the identification of fraction IV 
were commercial preparations (British Drug Houses Ltd.) 
of the sodium salts of yeast and thymus nucleic acid. Tris 
was recrystallized twice from hot ethanol before use. 


RESULTS 


Fractionation of extra protein 


Extra protein from well-washed rabbit myofibrils 
was separated into four main fractions by chro- 
matography on diethylaminoethylcellulose (Fig. 1). 
Fraction I, representing about 30% of the total 
absorption at 280 my by the eluted material, was 
not held by the cellulose when the extra protein 
dissolved in 0-1m-KCl buffered with 0-02m-tris, 





18 


16 


° 
oo 


Es em, at 280 my 
3 


2 
on 


° 
a» 


A Eluate vol. (ml.) 


800 1000 1400 


41200 
- 


Fig. 1. Chromatography of extra protein extracted from a crude preparation of rabbit myofibrils. Protein solution 
(46-5 ml.; EL, .,, 9°69 at 280 mz) in 0-1M-KCl containing 0-02M-tris buffer, pH 7-6, was applied to a column 
27 cm. x 2 cm. diam. Gradient to 0-35m-KCl, 0-02M-tris buffer at point marked A and step to 2-0m-KCl, 0-02m-tris 
buffer at B. 
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pH 7-6, was applied to a column which had been 
previously equilibrated against this solution. On 
slowly increasing the concentration of KCl in the 
buffer, two additional peaks (fractions II and ITI) 
were eluted, the maxima in each case corresponding 
to chloride concentrations of about 0-20 and 
0:3 equiv./l. respectively. Fraction IV was ob- 
tained as a sharp peak on subsequent stepwise or 
gadient application of M-KCl buffered with 
(-02m-tris, pH 7-6. 

Although the myofibrils used in the earlier stages 
of this work were exhaustively washed to remove 
the soluble sarcoplasmic proteins it was thought 
possible that the preparations might still contain 
proteins of this type. This view was confirmed by 
enzymic studies (see below) on repeatedly washed 
myofibrils, which showed that such preparations 
contained aldolase, an enzyme normally associated 
with the sarcoplasm. For purposes of comparison, 
sarcoplasmic extracts made in buffer solutions 
identical with those used for the myofibril prepara- 
tions and freed from particulate material (see 
Methods) were chromatographed on diethylamino- 
ethylcellulose under the same conditions as those 
used for fractionation of the extra protein. A 
typical result is illustrated in Fig. 2. Relatively 
little of the sarcoplasmic protein was held on when 
it was applied dissolved in 0-1mM-KCl buffered with 
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0-02M-tris, pH 7-6. It was concluded that the 
components represented by peaks II, III and IV of 
the extra protein fraction were not present in the 
sarcoplasm in significant proportions and were 
concentrated in the myofibrils. During the chro- 
matography of the sarcoplasmic proteins, coloured 
fractions presumably corresponding to chromo- 
proteins were observed in the fractions eluted at 
the points marked X and Y in Fig. 2. Further 
investigations were not carried out on these 
coloured fractions. 

As fractions II, III and IV were absent from 
whole sarcoplasm and could readily be separated 
from the bulk of the sarcoplasmic proteins on 
diethylaminoethylcellulose, in the later stages of 
this investigation crude myofibril preparations 
were used for the preparation of extra protein. This 
speeded up the preparation considerably and 
enabled larger amounts to be made. Chromato- 
graphy of such preparations showed that, apart 
from some slight differences in the relative amounts 
of the main fractions, this so-called crude extra 
protein was virtually identical with that obtained 
from more exhaustively washed myofibrils. Frac- 
tionation of extra protein extracted from a single 
preparation of myofibrils isolated from hen-breast 
muscle yielded similar results to those obtained 
with rabbit myofibrils. 
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Fig. 2. Chromatography of sarcoplasmic extract of rabbit skeletal muscle made in 25 mm-KCl containing 39 mm-sodium 
borate buffer, pH 7-1. Protein solution (20 ml.; Z, 15-0 at 280 my) in 0-1m-KCl containing 0-02m-tris buffer, 
pH 7-6, applied to a column 22 cm. x2cm. diam. Gradient to 0-35m-KCl, 0-02m-tris applied at point A and steps 
to M-KCl, 0-02a-tris and 2-Om-KCl, 0-02M-tris at points B and C respectively. In the regions marked X and Y the 
protein eluted was coloured. @, Extinction at 280 my; (1, chloride concentration. 
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Enzymic studies 


In view of the method of preparation the extra 
protein would be expected to be completely free of 
myosin, nevertheless assay for calcium-activated 
ATPase with large amounts of protein (2-3 mg./ 
assay) indicated that traces of myosin were 
probably present. The amounts were very small as 
the specific ATPase activity of the concentrated 
extra protein solutions was less than 1-0 % of that 
of L-myosin preparations. This ATPase activity 
was concentrated in fraction II, where it could be 
detected by using large amounts of protein for 
enzymic assay (see section on fraction IT). 

It has been observed earlier (S. V. Perry, un- 
published work) that it is extremely difficult to 
wash rabbit myofibrils free from the last traces 
of the sarcoplasmic aldolase. This enzyme was 
found to be present in the extra protein fraction 
and assay of the fractions obtained with diethyl- 
aminoethylcellulose showed that aldolase was con- 
centrated at the front of peak I (material not held 
in 0-1M-KCl buffered with 0-02M-tris, pH 7-6). 
A relatively low level of activity was also associ- 
ated with peak III. These studies indicated that 
the bulk of the aldolase was a constituent of 


fraction I. 

5’-Adenylic deaminase was also not readily 
removed from repeatedly washed rabbit myofibrils 
and the extra protein fraction likewise possessed 
appreciable 5’-adenylic deaminase activity. In 


0-1m-KCl buffered with 0-02M-tris, pH 7-6, this 
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enzyme appeared somewhat retarded on diethyl. 
aminoethyleellulose. Activity was associated with 
the tail of peak I and high specific activities were 
obtained when the bulk of this peak had beep 
eluted. Complete elution was not achieved unti] 
the gradient was applied (Fig. 3). The general 
impression was that 5’-adenylic deaminase prob. 
ably represented one of the minor components of 
the extra protein fraction. 


Identification of extra protein fractions 

Fraction I. The chromatographic behaviour of 
rabbit sarcoplasm and the limited enzymic studies 
suggested that fraction I was complex and con. 
tained some if not mcst of the proteins found in 
sarcoplasm. It was not possible to decide at this 
stage whether this fraction also contained protein 
localized exclusively in the myofibrils. 

Fraction II ; water-insoluble component. The peak 
obtained on elution of fraction IT although usually 
fairly sharp was not absolutely symmetrical, but in 
our experience with the chromatography on di- 
ethylaminoethylcellulose of muscle proteins, parti- 
cularly those with asymmetric molecules, such 
slight irregularities in elution taken without other 
evidence did not necessarily imply heterogeneity. 
Evidence for the composite nature of this fraction 
was provided by the fact that on dialysis of fraction 
II against water, 70-80% of the E,,.-absorbing 
material came out of solution. This globulin fraction 
could be redissolved readily by the addition of KC 
to ionic strength 0-05-0-10 and usually gave a 
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Fig. 3. Distribution of 5’-adenylic deaminase activity during chromatography of the extra protein fraction isolated 


from well-washed myofibrils. Protein solution (25 ml.; 


Ey om, 12:3 at 280 my) in 0-02M-tris, pH 7-6, containing 


0-1 m-KCl applied to column 19 cm. x 2cm. diam. Gradient to 0-35M-KCl, 0-02M-tris at point A and step to 2-0m-Kd, 


0-02M-tris at point B. Approximately 8 ml. of fractions was collected. 


Specific deaminase activity was measured 


as wg. of N liberated as NH,/hr. by 1 ml. of protein solution, F,,,, 1-0 at 280 mp. @, Extinction at 280 mp; 
A, 5’-adenylic deaminase specific activity; (1, chloride concentration. 
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dear solution from which the protein could be 
reprecipitated by dialysis. 

Although fraction II was the only one from 
which the globulin was precipitated on dialysis 
against water, the protein could not be satisfactorily 
prepared by dialysis of the whole original extra 
protein because non-specific precipitation occurred 
and almost the whole of the extra protein precipi- 
tated under these conditions. 

Preliminary studies on the chromatography of 
myosin, actin and tropomyosin indicated that these 
proteins were eluted from diethylaminoethyl- 
cellulose over the range of salt concentration which 
eluted fractions II and III. In view of this fact 
and the persistence of low ATPase activity in the 
globulin fraction the properties of the latter were 
carefully compared in turn with those of each of the 
recognized myofibrillar proteins. 

It was apparent that the globulin differed 
markedly from tropomyosin for the following 
reasons. When it was dissolved in 78 mm-sodium 
borate buffer, pH 7-1, the viscosity of the solution 
was relatively low, and unlike tropomyosin showed 
no significant drop on addition of KCl to 0-5m 
(Perry, 1953; Perry & Corsi, 1958). Furthermore, 
tropomyosin was eluted from diethylaminoethyl- 
cellulose at a higher chloride concentration (Fig. 5), 
was not precipitated on dialysis against water 
under conditions which precipitated the globulin 
and the electrophoretic mobilities of the two 
proteins were different (Table 1). 

Non-identity with F-actin was indicated by the 
inability of the globulin to form actomyosin. The 
globulin was not precipitated by 0-75m-phosphate 
buffer, pH 7-2, and hence did not appear to be 
identical with inactive actin. Actin inactivated by 
prolonged dialysis against low-ionic-strength 
buffers or treatment with KI is precipitated under 
these conditions (Perry & Corsi, 1958). Treatment 
of F-actin under conditions identical with those 
used for the preparation of extra protein, and sub- 
sequent chromatography on diethylaminoethyl- 
cellulose, failed to yield a component corresponding 
to fraction II. The electrophoretic mobilities of 
inactive actin and the main component of the 
globulin preparation were different (Table 1). 

Solutions of the globulin differed in appearance 
from and were clearly less viscous than solutions of 
Lmyosin of similar concentration. The globulin 
was soluble at J 0-04, pH 7-0, whereas under these 
conditions 99 % of myosin solution of similar con- 
centration was precipitated. On electrophoresis in 
0-25mM-KCl buffered with 0-05 m-phosphate, pH 6-9, 
the main peak obtained with solutions of the glo- 
bulin moved more slowly and was usually less sharp 
than the L-myosin boundary. 

When relatively large amounts were taken for 
assay (2-3 mg./incubation tube) ATPase activity 
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was detectable in the globulin. The specific activity 
was in the range 50-100 units, whereas under 
similar conditions L-myosin gave values of 1000- 
2000 units. 

If the extra protein was concentrated by chro- 
matography or by freeze-drying the globulin 
isolated from it gave a rather consistent electro- 
phoretic pattern (Fig. 4a). There was one main 
boundary from which separated smaller amounts 
of one or two faster components on prolonged 
electrophoresis. On one occasion the main peak 
split off a smaller slower component, which became 


Table 1. Mobilities of the globulin isolated from 
fraction II and other myofibrillar proteins 


Conditions: 0-25m-KCl, 0-05m-potassium phosphate 
buffer, pH 6-9. Mobility is expressed as 10-5 cm.?/v/sec. 


Mobility 

No. of cos! 
Protein Source experiments Asc. Desc. 
Globulin 
Globulin 
L-Myosin 
Tropomyosin* 
Inactive actin* 


Rabbit d 2- 1-9 
Hen 2-3 2-0 


Rabbit d . 2: 
Rabbit : , 3° 
Rabbit : 3: 3- 
* Perry & Corsi (1958). 


onl 


Ascending Descending 


(ii) (iii) 
() 


Fig. 4. (a) Electrophoretic diagrams of the globulin iso- 
lated by dialysis of fraction II from the extra protein of 
rabbit skeletal myofibrils. Conditions: 0-25m-KCl; 
0-05M-potassium phosphate buffer, pH 6-9; 480 min. 
(b) Ultracentrifuge diagrams of the globulin from 
fraction II. Conditions: 0-1m-KCl, 0-05m-potassium 
phosphate buffer, pH 7-15; 5-98 x10* rev./min. (i) 
16 min. (ii) 64 min. (iii) 112 min. 
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apparent after electrophoresis for 8hr. Further 
evidence for non-identity of the main component of 
the globulin with L-myosin was obtained from the 
fact that whereas the former protein could be 
subjected to electrophoresis on filter paper at 
pH 8-6 in veronal acetate buffer (J 0-1) myosin 
stayed at the origin. In the ultracentrifuge the 
number of components which could be recognized 
was somewhat variable and appeared in some cases 
to be related to the previous history of the globulin. 
In some cases of freshly prepared globulin which 
readily redissolved on addition of salts after pre- 
cipitation by dialysis one main peak with small 
amounts of faster and slower components were 
apparent (Fig. 4b). Attempts to remove the minor 
components by reprecipitation by dialysis gave a 
product containing several faster components in 
addition to the original component. Globulin 
preparations also became more turbid on standing 
and handling and the general impression was that 
aggregation readily occurred and was responsible 
for the variation in ultracentrifuge records ob- 
tained with different globulin preparations. 

Globulin corresponding to that isolated from 
fraction II could not be extracted from granular 
preparations (see Methods) isolated from sarco- 
plasm prepared from rabbit skeletal muscle, by the 
procedure used to prepare the extra protein from 
myofibrils. 

Fraction II: water-soluble component. Owing to 
the difficulty in isolating sufficient material, little 
further investigation has been carried out on the 
water-soluble component of fraction II. One 
ultracentrifuge run on the pooled freeze-dried 
protein obtained from three different extra protein 
preparations revealed one peak with small amounts 
of a faster component. This faster component had 
a similar sedimentation velocity to the main 
component obtained on _ ultracentrifuging the 
globulin. 

Fraction III: The peak representing fraction IIT 
was eluted at 0-3 equiv. of Cl” ion/l., and when the 
whole fraction was bulked and concentrated vis- 
cometric assay gave values of 50-60% tropomyo- 
sin. Fraction III was the only component of the 
extra protein in which significant amounts of 
tropomyosin could be detected. When a twice- 
recrystallized sample of rabbit tropomyosin was 
chromatographed under similar conditions to those 
used for the extra protein a sharp peak was eluted 
at a chloride concentration of 0-29 equiv./l. (Fig. 5). 
Apart from this peak only traces of material 
absorbing at 280 my were eluted elsewhere when 
the KCl concentration in the buffer was changed 
from 0-1 to 20m. Assay of the tropomyosin content 
of extra protein isolated from well-washed rabbit 
myofibrils indicates that the amount of this protein 
present ranged from 4 to 22%. The relative size of 
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peak III correlated well with the tropomyosin 
content of the original extra protein. There was 
some evidence that the tropomyosin content of 
extra protein prepared from crude myofibrillar 
preparations was rather higher than that obtained 
from well-washed myofibrils. 

Fraction IV: nucleoprotein component. After 
removal of fractions I-III and washing the diethy). 
aminoethylcellulose column with 0-4M-KCI con. 
taining tris buffer until H at 280 my (Kog9) of the 
eluate reached a low value, subsequent application 
of a gradient eluted a symmetrical peak (maximum 
at ~0-7 equiv. of Cl ion/l.). Fraction IV differed 
from the others in that the ratio Hy5go/Eygq was 
always less than 1 and usually approached 0:5, a 
fact which suggested the presence of nucleic acid. 
On the basis of the following findings it was con- 
cluded that fraction IV consisted of ribonucleo. 
protein. 

(1) The u.v.-absorption spectrum measured at 
pH 7-6 and 3-2 was characteristic for nucleic acid 
with a maximum at 260 my and a sharp minimum 
in the region of 240my (Beaven, Holiday & 
Johnson, 1955). 

(2) The material was non-dialysable. 

(3) The diphenylamine test for deoxypentose 
(Dische, 1930) was negative whereas positive tests 
for pentose were obtained with the orcinol reaction 
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° 
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Es em, at 280 my 


° 
> 
Concn. of chloride (equiv./I.) 


200 


= T = 


Eluate vol. (ml.) 


Fig. 5. Chromatography of twice-recrystallized rabbit 
tropomyosin. Tropomyosin solution (6 ml.; Ey om, 4-2 at 
280 my) in 0-15M-KCl, 0-02m-tris buffer, pH 7-6, applied 
to column 23 cm. x1 cm. diam. Gradient to 0-5m-K(, 
0-02m-tris applied at point A and step to 2-0m-K(, 
0-02M-tris buffer at point B. @, Extinction at 280 mp; 
(C0, chloride concentration. 
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(Mejbaum, 1939) and the cysteine—H,SO, reaction 
(Dische, 1949). 

(4) A positive biuret test and the shift of the 
uy.-absorption minimum towards higher wave- 
lengths suggested the presence of protein. 

(5) On chromatography of the products of 
hydrolysis with 72 % perchloric acid (Wyatt, 1951) 
four spots were obtained, identical with those 
obtained from a yeast nucleic acid treated under 
the same conditions (Fig. 6). 

It seemed unlikely that the ribonucleoprotein 
fraction was derived from contamination of the 
myofibril preparations by nucleic acid-rich elements 
from muscle cytoplasm such as granules or sarco- 
plasmic reticulum. As would be expected from the 
mode of preparation, few granules could be detected 


(a) (b) () (4) 


Fig. 6. Chromatography of purine and pyrimidine bases 
obtained on hydrolysis of fraction IV by heating for 
2hr. at 100° in 72% (w/w) perchloric acid. Propan-2-ol- 
HCl-water solvent of Wyatt (1951). (a) Fraction IV; 
(b) yeast ribonucleic acid; (c) fraction IV + yeast ribo- 
nucleic acid; (d) thymus deoxyribonucleic acid. 
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on microscopic examination of myofibril suspen- 
sions. To confirm the myofibrillar origin of the 
ribonucleoprotein, granular material sedimented 
from sarcoplasmic extracts by centrifuging for 
2hr. at 15 000g was treated by the method used 
for the preparation of extra protein and the protein 
solution obtained fractionated on diethylamino- 
ethylcellulose. These preliminary studies indicated 
that although some nucleic acid could be extracted 
from the granules by this procedure, the bulk of the 
nucleic acid isolated from the extra protein was 
derived from the myofibrils. 


DISCUSSION 


As obtained from myofibrils prepared from fresh 
skeletal muscle the extra protein fraction is com- 
plex and clearly should not be considered as a 
homogeneous protein. Tropomyosin is present in 
this fraction, and although Corsi (1957) considers 
it to be the main component when extraction is 
carried out at low pH values, in our hands tropo- 
myosin rarely amounted to more than 20 % of the 
total extra protein nitrogen. In either case the 
tropomyosin present in the extra protein fraction 
only accounts for a part of the total amount present 
in the myofibril. It is possible that the protein 
isolated by de Villafranca (1956) is in fact tropo- 
myosin in a complex with the other components 
present in the extra protein fraction. Such an 
association might modify the solubility properties 
of tropomyosin but leave unchanged the effect of 
salt on its viscosity. 

Part of the extra protein fraction consists of 
proteins resembling sarcoplasmic components in 
their enzymic and chromatographic behaviour, 
which remain associated with the myofibrils even 
after exhaustive washing of these structures. 
Fraction I, in which the sarcoplasmic proteins are 
concentrated, is very probably identical with the 
slow-moving component C present in the extract 
obtained when myofibrils are extracted with 
buffers of low ionic strength (Perry, 1953; Perry & 
Corsi, 1958). The persistence of aldolase activity in 
the myofibril preparations is somewhat comparable 
with the findings of Roodyn (1956), who studied a 
similar association of aldolase activity with isolated 
liver nuclei. In this case, as with the myofibrils, it 
is difficult to decide whether the association is of 
metabolic significance or merely an example of 
non-specific adsorption. The extra protein also 
possesses appreciable 5’-adenylic deaminase ac- 
tivity, but most of this enzyme is not associated 
with the main fractions. It can be concluded that 
5’-adenylic deaminase is only a minor component of 
the extra protein. 

The remaining other two components from the 
extra protein which have been characterized have 
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not hitherto been isolated from the myofibril. The 
globulin possesses certain similarities to the Y- 
protein fraction (Dubuisson, 1950; Louis, 1954). 
Y-protein, which is heterogeneous in the ultracentri- 
fuge, is prepared from whole muscle by a method 
which would be expected to yield a similar fraction 
to the whole extra protein. Like the Y-protein, most 
of the whole extra protein fraction precipitates on 
dialysis against water. This precipitate may be 
identical with the Y-protein but only part of it 
consists of the globulin isolated by chromatography 
in diethylaminoethylcellulose. The evidence sug- 
gests that the other components of the extra protein 
can interact with the globulin to form a water- 
insoluble complex. It seems probable that the low 
ATPase activity associated with the globulin is due 
to myosin contamination, for the physical pro- 
perties of the former are very different from those of 
myosin. Nevertheless, the possibility that the 
globulin is some modified form of myosin of low 
ATPase activity cannot yet be excluded. Further 
investigations are now in progress to establish the 
true significance and nature of the globulin isolated 
from fraction II. 

In the past, histochemical evidence has been 
produced for the presence of nucleic acid in the 
myofibril (Gerendas & Matoltsy, 1948; Clavert, 
Mandel, Mandel & Jacob, 1949). With histo- 
chemical studies on sections of whole muscle it is 
difficult to decide whether the effects obtained are 
due to overlying granular or reticular matter 
rather than the myofibril itself. This criticism does 
not apply to isolated myofibrils, for most of the 
granules and probably also the sarcoplasmic 
reticulum fraction are removed during washing. 
Nevertheless, the ribonucleic acid-rich fraction IV 
is invariably obtained on chromatography of the 
extra protein, clearly indicating that ribonucleic 
acid is a component of well-washed myofibril 
preparations, and it is probable that it is the 
source, in part at least, of the nucleic acid moiety of 
nucleotropomyosin (Hamoir, 1951) and that found 
associated with myosin (Mihalyi, Bradley & Knoller, 
1957; Mihalyi, Laki & Knoller 1957). As separated 
in diethylaminoethylcellulose the nucleic acid is 
associated with protein which does not appear to 
be tropomyosin or myosin. It is possible that this 
ribonucleic acid is concerned with protein synthesis 
in the myofibril. 


SUMMARY 


1. The extra protein fraction of skeletal-muscle 
myofibrils has been shown to consist of a complex 
mixture of proteins which can be resolved into 
four main fractions by chromatography on di- 
ethylaminoethylcellulose. 

2. About 30% of the extra protein consisted of 
a complex fraction containing aldolase activity and 


S. V. PERRY AND M. ZYDOWO 


1959 


resembling the sarcoplasmic proteins in chromato. 
graphic behaviour. 

3. Tropomyosin was a somewhat variable com. 
ponent of the extra protein representing 4-22 % of 
the total protein nitrogen. 

4. About 20% of the extra protein consisted of 
a protein insoluble in water which may be a com- 
ponent of the Y-protein of Dubuisson (1950). 

5. A ribonucleoprotein fraction of myofibrillar 
origin has been isolated from the extra protein. 


We are grateful to Miss F. Johnson for skilled technical 
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like to express our thanks to Mr B. Boon and Mr B. Slater 
for their help with the ultracentrifuge and electrophoresis 
experiments. This investigation was in part supported by 
a research-expenses grant (to S.V.P.) from the Medical 
Research Council. 
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It has been reported previously that polymeric 
phosphates of phloretin and related compounds are 
potent inhibitors of several enzymes including 
alkaline phosphatase and hyaluronidase (Dicz- 
falusy et al. 1953). Preliminary studies suggested 
that a similar inhibition of acid phosphatases may 
also take place (Diczfalusy et al. 1953). 

This paper reports on the kinetics of human 
seminal acid phosphatase with special emphasis on 
the inhibition of this enzyme by different poly- 
meric phosphates and other macromolecular 
compounds. 


EXPERIMENTAL 


Materials 


Enzyme. Freshly obtained ejaculates were pooled from 
eight to ten subjects. The semen was kept for 4-6 hr. at 2°, 
the seminal plasma separated by centrifuging and diluted 
with 0-15m-acetate buffer, pH 5-5 (see below). In most 
experiments 0-1 ml. of a 1:2000 dilution of the seminal 
plasma/2-5 ml. of reaction mixture was used. 

Substrate. A commercial preparation of the disodium 
salt of monopheny] phosphate (British Drug Houses Ltd.) 
was used without further purification. 

Buffer. This was prepared by mixing 0-15m-sodium 
acetate with 0-15M-acetic acid containing 0-15M-sodium 
chloride as described by Lundquist (1947). The pH within 
the range 3-0-6-7 was measured before and after enzymic 
hydrolysis and the buffering capacity was found to be 
adequate. Distilled water was further purified by passing it 
through anionic- and cationic-exchange resins. 

Inhibitors and other substances tested. Polyphloretin 
phosphate, polyphlorrhizin phosphate and polyhesperidin 
phosphate were synthesized as described by Diczfalusy 
ét al. (1953). Polyoestradiol phosphate was prepared 
according to Ferné et al. (1958) by the staff of AB Leo, 
Halsingborg. Suramine (Germanine, Bayer 205) and prot- 
amine sulphate were commercial preparations. 


Methods 


Analytical. Phenol was determined by the colorimetric 
method of King & Armstrong (1934) as modified by Buch & 
Buch (1939) with a Beckman spectrophotometer, model 
DU. All pH determinations were made with a Radiometer 
(Copenhagen) pH meter (glass electrode). 

Conditions of enzyme experiments. The reaction was 
started by the addition of 0-1 ml. of enzyme solution to 
25 ml. of reaction mixture containing 2 mmM-monophenyl 
phosphate and 0-15m-acetate buffer. Dilution of the 
enzyme was made immediately before the start of the 


experiment. The substrate was dissolved in 0-1 ml. of 
buffer solution, pH 5-2, and the addition of this to any 
reaction mixture did not significantly change the pH. In 
those experiments where protamine sulphate was used, this 
was added in a small volume (0-1 ml.) and the total volume 
of the reaction mixture was kept constant. The rate of 
hydrolysis was studied by incubating the mixture for 
8 min. at 37°, when 6-8 % of the substrate was hydrolysed 
at the pH optimum (pH 5-5). The reaction was stopped by 
the addition of 1-4 ml. of 20% (w/v) trichloroacetic acid. 
Results are expressed as pg. of phenol liberated/min./ml. of 
reaction mixture. All estimations were carried out in 
triplicate. 

It was found that the acid phosphatase activity of the 
seminal fluid markedly decreased when stored in the cold 
room at 2°. Thus after storage for 3 weeks samples of 
seminal plasma gave only approx. 20% of their initial 
enzyme activity, when measured at the optimum pH. In 
dilute solution the inactivation was still more rapid. 
Therefore a fresh pool of seminal plasma was used for each 
experiment. 

The enzyme activity of different pools of seminal plasma 
was found to be surprisingly constant. Eighteen pools 
collected in the course of 15 months exhibited a mean acid 
phosphatase activity of 2-42+0-36 (s.p.) yg. of phenol 
liberated by 0-001 ml. of seminal fluid/min./ml. of reaction 
mixture. The relatively small standard deviation (14-5% 
indicates that results obtained with different pools of 
seminal fluids are comparable. 


RESULTS 


Effect of pH. The effect of pH on the rate of 
hydrolysis of phenyl phosphate by the enzyme was 
measured over the range pH 3-0-6-7 at a substrate 
concentration of 2mm, with different concentra- 
tions of the enzyme. The results are shown in 
Fig. 1, and it can be seen that the optimum pH is 
near 5-5. This is in good agreement with values 
reported by previous investigators, including 
Lundquist (1947), Abul-Fadl & King (1949), 
Schonheyder (1952) and Boman & Westlund 
(1956). A well-defined pH optimum was invariably 
found when a relatively high enzyme concentra- 
tion was employed. A lowering of the enzyme 
concentration resulted in a marked broadening of 
the pH curve. The same broad curve was obtained 
with enzyme preparations partially inactivated by 
storage in the cold room. When relatively high 
enzyme concentrations were employed (dilution 
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1:600 or less) a tendency to a second peak in the 
neighbourhood of pH 4-0 was frequently observed. 
This finding is in agreement with previously 
reported results on human erythrocyt2 acid phos- 
phatase (Abul-Fadl & King, 1949) and rat-liver 
acid phosphatase (Goodlad & Mills, 1957). 
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Fig. 1. Effect of pH on the rate of hydrolysis of mono- 
phenyl phosphate at different concentrations of seminal 
acid phosphatase. Acetate buffer, 0-15m. Substrate 
concentration, 2mm. Incubated for 8 min. at 37°. 
Diluted enzyme (0-1 ml.) was added to 2-5 ml. of re- 
action mixture. O, Final enzyme dilution 1:15 000; 
@, dilution 1:17500; A, dilution 1:50000; A, aged 
enzyme, stored for 3 weeks at 2°, dilution 1:15 000. 
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Fig. 2. Effect of varying substrate concentrations on 
seminal phosphatase activity at pH 5-5. Conditions were 
as in Fig.1. ©, Plot of reaction velocity against substrate 
concentration; @, the above data plotted according to 
the equation derived by Lineweaver & Burk (1934). 


Effect of the substrate concentration. Fig. 2 shows 
the effect of varying substrate concentration on the 
reaction velocity at pH 5-5. The rate of hydrolysis 
increases with increasing substrate concentration, 
giving a typical Michaelis-Menten curve. Fig, 2 
also shows the same data plotted according to the 
equation derived by Lineweaver & Burk (1934): 

1/v Po Vacs — Kul Veoas. 8, 

where s is the substrate concentration, v and V,,,, are 
the observed and maximum velocities respectively 
and K,, is the Michaelis constant. It appears from 
this plot that the line, when extrapolated to meet 
the x axis according to the method described by 
Dixon (1953), gives a K,, value of 0-18 mm-mono. 
phenyl! phosphate. 

Determinations of K,,, values at the optimum pH 
(5-5) were carried out on different occasions with 
pools of fresh seminal plasma. A value of 0-18 mx 
was obtained in five experiments and 0-17 mm in 
the sixth one. These values are in reasonable 
agreement with those reported by other workers 
(Tsuboi & Hudson, 1955). Determinations of K,, 
values were also carried out at different pH values. 
At pH 3-5 K,, was 0-3mmM, at pH 4-5, 0-25 mm, 
whereas at pH 6-5 K,, 0-5 mm was found. 

The activity curve of Fig. 2 shows no inhibitory 
effect of the substrate in the concentration range 
0-063—4-0 mm. Monophenyl phosphate was also 
tested at different pH values in concentrations as 
high as 34 mm and no inhibition of the enzyme was 
found. This suggested that in contrast with the 
hydrolysis of monophenyl phosphate by alkaline 
phosphatase (Morton, 1957) the optimum pH for 
hydrolysis of this substrate by seminal acid phos- 
phatase may not be influenced by the concentra- 
tion of the substrate. This is also shown in Fig. 3, 
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Fig. 3. Effect of pH on the hydrolysis of different concen- 
trations of monophenyl phosphate by seminal acid 
phosphatase. Conditions were as in Fig. 1. Substrate 
concentrations (mM): O, 2:0; @, 1-0; A, 0:5; A, 0-25. 
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where the substrate concentration is varied at 
different pH values. It is obvious that the pH 
optimum was not displaced when the substrate 
concentration was increased. 

Inhibition by polyoestradiol phosphate. In a pre- 
liminary report it has been shown that poly- 
oestradiol phosphate is a potent inhibitor of human 
seminal acid phosphatase (Diczfalusy, 1954). The 
influence of pH on the inhibition of the enzyme by 
polyoestradiol phosphate is shown in Fig. 4, and 
it appears that the inhibition is mainly restricted 
to the acid side of the pH optimum and that it 
virtually disappears at pH 6-7. For characterizing 
the type of inhibition the equation of Hunter & 
Downs (1945) was used. In its general form this 
equation is 


m 4 8 K;s8 
sl O+z) +e 

where IJ is the inhibitor concentration and « the 
fractional activity, i.e. the ratio of velocities of the 
reaction in the presence and the absence of the 
inhibitor at a given substrate concentration s. K; is 
the dissociation constant of the enzyme—inhibitor 
complex, K,, the Michaelis constant and K, the 
constant of dissociation of the enzyme-—substrate— 
inhibitor complex into enzyme-substrate and in- 
hibitor. With non-competitive inhibition K,; equals 
K,, and the equation is simplified to: 

(I) «/(1—«)=K;. 
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Fig. 4. Effect of pH on the inhibition of seminal acid 
phosphatase by polyoestradiol phosphate. Experimental 
conditions were as in Fig. 1. O, Without inhibitor; 
@, with polyoestradiol phosphate, 0-5 ug./ml. of reaction 
mixture. 
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The value of K; represents the amount of in- 
hibitor required for 50 % inhibition. When «/(1—«) 
is plotted against s with two different inhibitor 
concentrations of polyoestradiol phosphate the 
graphs are straight lines which are parallel to the X 
axis (Fig. 5). This indicates that the inhibition is 
not influenced by the substrate concentration, i.e. 
it is of the non-competitive type. The value of K; 
can be calculated from each of the two lines by 
multiplying the value of IJ corresponding to the 
line by the value of the intersection point obtained 
by extrapolating the line to the Y axis. 

Reversion of inhibition by protamine. It has been 
reported previously that the inhibition of human 
seminal acid phosphatase by polyoestradiol phos- 
phate can be counteracted by basic proteins such 
as protamine sulphate (Diczfalusy, 1954). We have 
confirmed and extended this observation in the 
present work and found that the addition of 
5-Oyg. of protamine sulphate/ml. of reaction 
mixture completely reversed the inhibitory action 
of 0-5yug. of polyoestradiol phosphate. In these 
experiments protamine sulphate and polyoestradiol 
phosphate were added to the reaction mixture 
before the enzyme. When the enzyme-—substrate— 
inhibitor interaction was allowed to take place for 
6 min., the addition of protamine sulphate still 
resulted in some reactivation of the enzyme, as 
shown in Fig. 6, the velocity of the reactivated 
enzyme approaching that of the "uninhibited 
enzyme. Protamine sulphate alone did not activate 
the enzyme when tested within the range 0-5— 
10-0 pg./ml. of reaction mixture. 

Inhibition by other polymeric phosphates. It has 
been found that polymeric phosphates of phloretin, 
phlorrhizin and hesperidin also inhibited the 
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Fig. 5. Inhibition of seminal acid phosphatase by poly- 
oestradiol phosphate at pH 5-5. Experimental conditions 
were as in Fig. 1 except that 0-1 ml. of inhibitor solution 
was added to the reaction mixture. The results are 
plotted according to the equation derived by Hunter & 
Downs (1945): «/(1 —«) against substrate concentration. 
Values of « are determined as the ratio of inhibited 
velocity to uninhibited velocity with the same concen- 
tration of the substrate. Inhibitor concentrations: 


O, 0:3 yg./ml. (J,); @, 0-5 wg./ml. (J). 
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enzyme although to a much lesser extent than 
polyoestradiol phosphate. The relative amounts of 
these three inhibitors required for a 50 % inhibition 
of the enzyme at a substrate concentration of 
2 mM and at pH 5-5 were estimated as 1-6, 5-0 and 
17-0 ng./ml. of reaction mixture respectively. With 
polyphloretin phosphate the type of inhibition was 
also studied and found to be non-competitive. In 
Table 1 are shown estimates of the K; values for 
the polymeric phosphates. 

Inhibition by suramine. Since the trypanocide 
suramine is known to inhibit several enzymes 
(Wills & Wormall, 1950) it seemed to be of interest 
to investigate its action on seminal acid phos- 
phatase. The results shown in Table 1 indicate that 
this compound is also a powerful inhibitor of the 
enzyme. The type of inhibition was found to be 
non-competitive. This is shown in Fig. 7, where the 
graph of «/(l1—«) against s is presented. 


DISCUSSION 


Since the results reported in this paper have been 
obtained by the use of a crude enzyme preparation, 
the significance of some of the kinetical data might 
be questioned. The hazards of using unpurified 
enzyme preparations for kinetic studies in general 
have been emphasized by several investigators, 
among others by Roy (1955) who pointed out that 
the presence of different activating or inhibiting 
substances in crude preparations might seriously 
interfere with the results. We think that the 
influence of possible impurities on the results 
obtained by the use of highly diluted human 
seminal plasma is probably negligible for the 
following reasons: in the present investigation 
identical K,, values were obtained when different 
pools of seminal plasma were used. Furthermore, 
in the work of Tsuboi & Hudson (1955) 40-fold and 
300-fold purified preparations of human prostatic 
acid phosphatase were found to exhibit virtually 
the same K,, values as the crude enzyme. Finally 
our K,, values agree closely with those reported by 
these authors. The results on the inhibition of 
seminal acid phosphatase by polyoestradiol phos- 
phate agree with those reported by Ferné et al. 
(1958), who also found that the inhibition was 
of the non-competitive type. It is of interest 
to note, however, that the inhibition of a 
purified alkaline phosphatase preparation by poly- 
oestradiol phosphate was reported by these 
workers to be substrate-competitive. A similar 
situation seems to exist with the inhibition of 
various enzymes by suramine. The inhibition of 
seminal acid phosphatase by this compound is 
non-competitive, whereas the inhibition of urease 
was found to be competitive (Wills & Wormall, 
1950). 
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Fig. 6. Effect of protamine sulphate on the inhibition of 
the enzyme by polyoestradiol phosphate at pH 5:5, 
Conditions were as in Fig. 1 except that the time of 
incubation was varied. @, Without inhibitor (controls); 
OQ, with polyoestradiol phosphate, 0-5 ug./ml.; A, tubes 
in which 2-5 yg. of protamine sulphate/ml. was added to 
the enzyme-inhibitor—-substrate mixture after 6 min. of 
incubation. 


Table 1. K, values of three different non-competitive 
inhibitors of seminal acid phosphatase 


Values of K, were calculated as described in Fig. 5. For 
each inhibitor two values of K,; are shown, calculated from 
the results of two experiments, with different inhibitor con- 
centrations. 

Conen. of 


Calculated 
inhibitor K; 


Inhibitor 
Polyoestradiol phosphate 


(ug-/ml.) (ug-/ml.) 
0-3 
0-5 
Polyphloretin phosphate 3-0 
6-0 
Suramine 2-5 
5-0 
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Fig. 7. Inhibition of seminal acid phosphatase by sur- 
amine at pH 5-5. Experimental conditions were 4s 
in Fig. 1. Inhibitor concentrations: O, 2-5yg./ml.; 
@, 5-0yug./ml. For further details see Fig. 5. 
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Finally the present results indicate that poly- 
phloretin phosphate, polyphlorrhizin phosphate 
and polyhesperidin phosphate as well as poly- 
oestradiol phosphate inhibit seminal acid phos- 
phatase. These polymeric phosphates inhibit other 
enzymes as well (Diczfalusy et al. 1953, Ferné et al. 
1953, 1958). It is thus very likely that the inhibi- 
tio of acid phosphatase by these compounds is 
just an example of a widespread and non-specific 
action of high molecular-weight polyelectrolytes on 
several enzymes, as suggested by Spensley & 
Rogers (1954). The reversibility of the enzyme in- 
hibition also suggests a macro-anion—macro-cation 
interrelationship similar to that postulated by these 
authors for the interaction between polyphloretin 
phosphate and protamine on hyaluronidase or 
between heparin and polylysine on pepsin. 


SUMMARY 


1. The hydrolysis of monophenyl phosphate by 
unpurified human seminal acid phosphatase has 
been investigated. 

2. The optimum pH was found to lie between 
54 and 5-7 and was not influenced by the sub- 
strate concentration. 

3. The Michaelis constant was estimated at 
several pH values. At the optimum pH a K,, 
value of 0-18 mM was repeatedly found. High 
substrate concentrations did not inhibit the en- 
zyme activity. 

4, Polyoestradiol phosphate was found to be a 
powerful, non-competitive inhibitor of seminal acid 
phosphatase. The inhibitory effect was strongest 
on the acid side of the pH optimum. The inhibition 
could be reversed by small amounts of protamine 
sulphate. 

5. The enzyme was also inhibited by polymeric 
phosphates of phloretin, phlorrhizin and hesperidin. 
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The inhibition by polyphloretin phosphate was 
non-competitive. 

6. The trypanocide suramine proved to be a 
non-competitive inhibitor of seminal acid phos- 
phatase. 


We are indebted to Dr E. Nordlander, Head of the 
Division of Fertility at the Department of Women’s 
Diseases, for his helpful co-operation in obtaining semen 
specimens. Thanks are also tendered to AB Leo, Halsing- 
borg, for a generous gift of polyphosphate analogues. 
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Transport of some Mono- and Di-Saccharides into Yeast Cells 
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Department of Technical Microbiology and Laboratory for Cellular Metabolism, Biological Institute, 
Czechoslovak Academy of Sciences, Prague 


(Received 2 June 1958) 


The mechanism of transport of sugars into yeast 
tells is still subject to discussion. Rothstein (1956) 
maintains that the transport of fermentable sugars 
into the cells of Saccharomyces cerevisiae is effected 
by phosphorylating reactions, but other authors, 
eg. Sols (1956), assume that this transport in 
another yeast strain is independent of phosphoryl- 
ating processes. 


In this paper experiments on the transport of 
some sugars, fermentable and non-fermentable, 
into yeast cells (S. cerevisiae R XII, Saccharomyces 
fragilis, Saccharomyces cartilis) are reported. It 
has been shown that under certain experimental 
conditions a considerable amount of apparently 
free sugars is found in the cells. The results of some 
kinetic studies of the fluxes of p-galactose and 
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p-arabinose are reported. Furthermore, evidence is 
presented for a competition between various 
sugars for their transport into yeast cells and some 
experiments are recorded showing that the physio- 
logical state of the yeast cells is of importance for 
the rate of sugar penetration into the cells. Finally, 
some comparative data on the influx of disac- 
charides into S. cerevisiae and S. fragilis are 
presented. 

A preliminary account of this was presented at 
the VIIth International Congress of Microbiology, 
Stockholm, August 1958. 


METHODS 


Yeast strains. S. cerevisiae strain R XII and S. fragilis 
were both obtained from the Type Culture Collection, 
Biological Institute, Czechoslovak Academy of Sciences, 
Prague. S. cartilis was obtained from Professor V. I. 
Kudriavtsev, Moscow. 

Unless otherwise stated, the yeasts were grown aerobic- 
ally for 24 hr. in a shaker at 30° in 100 ml. of 10° (Balling) 
malt wort in 250 ml. conical flasks. In some cases (e.g. 
experiments with trehalose) S. cerevisiae was grown for 
48 hr. at 30° in a stationary culture in the above medium; 
thus growth was practically anaerobic, the average yield 
being 0-4 g. dry wt. of yeast/flask. The yeast cultures were 
centrifuged and washed three times with 0-15m-NaCl, and 
resuspended in the same medium and then used for the 
experiments. This suspension contained usually 30 mg. 
dry wt. of cells/ml. 

Experimental procedures. The following procedure was 
used for the study of sugar penetration (influx) into the 
cells. To 5 ml. of the washed yeast suspension, prepared as 
described above, 25 ml. of 0-1 M-phosphate buffer (prepared 
by adding 0-1 m-Na,HPO, to 0-1mM-KH,PO, to final pH 5-5) 
was added, and further additions to a volume of 50 ml. 
The final suspension usually contained 3-4 mg. of yeast 
(dry wt.); this will be referred to hereafter as standard 
suspension. Somewhat higher concentrations of yeast cells 
were used in some experiments, e.g. those where trehalose 
influx was examined. The final concentration of the various 
sugars used was usually 5% (w/v). 

In aerobic experiments 7-10 ml. of the above standard 
suspension was placed into 100 ml. conical flasks and then 
incubated with shaking in a thermostat at 30°, with air as 
the gaseous phase. At regular time intervals 2 ml. samples 
were removed and centrifuged, and the sediment of cells 
quickly washed three times with ice-cold 0-15m-NaCl, the 
washing procedure being finished within 6 min. It will be 
shown below that practically no loss of sugar from the cells 
takes place during this procedure. The sediment was then 
suspended in water, final volume 2 ml., and the tubes were 
placed into a boiling-water bath for 20 min. After cooling, 
the volume was readjusted to 2 ml., the cellular debris 
removed by centrifuging and the supernatant extract used 
for analysis of sugars. 

In anaerobic experiments, the suspension was placed into 
small flasks through which a stream of O,-free N, was 
passed. The further procedure was as described above. 

Where the efflux of sugars from yeast cells into the 
medium was followed, the yeast suspensions were prepared 
as stated above and incubated under anaerobic or aerobic 


conditions at 30° with the appropriate sugar [5% (w/y) 
final concentration] for 60 min. Preliminary experiments 
showed that after this time interval the intracellular sugar 
concentration was at or near equilibrium with the mediun, 
The suspension was then centrifuged, and the sediment 
quickly washed three times with ice-cold 0-15 m-Na(l, and 
suspended in saline and phosphate buffer (pH 5-5), added to 
the final concentration of 50 mm. These suspensions were 
then incubated anaerobically as described previously, and 
at regular intervals 2 ml. samples were removed and centri. 
fuged, and the sugar contents in both medium and cel 
were estimated. 

In some experiments conventional Warburg manometric 
techniques were used to determine whether a given sugar 
was metabolized under stated experimental conditions, i, 
whether O, uptake (aerobically) or CO; formation (anaero. 
bically) was increased as compared with controls with no 
sugar added. These experiments were carried out in parallel 
with those where sugar influx into the cells was examined, 
and the same suspending media were used. 

Analytical methods. The sugar content of the yeast cells 
was estimated in the extracts after chromatographic 
separation on paper, a slight modification of the method 
described by Green & Stone (1952) being used. The method 
differed from that described by these authors in the 
following respects: the AgNO, soln. in acetone for develop. 
ing chromatograms was prepared by adding only 2-7 ml. of 
a saturated aq. AgNO, soln. to 1 |. of dry redistilled acetone; 
an aq. 1-3% (w/v) NH, soln. for clearing the background of 
the chromatograms was always freshly prepared; for 
further clearing of the chromatograms and greater contrast 
of the spots an aq. 20% (w/v) sodium thiosulphate solution 
was employed. The developing procedure was repeated 
several times according to the type of sugar analysed. 

The spots produced by the various sugars were then 
quantitatively analysed by photometry in transmitted 
light. The results of analyses carried out in duplicate did 
not differ more than 5% from the mean, provided that the 
sugar content on the spot was within 2-6 ug. The amount of 
analysed sugar solution placed on the paper was therefore 
varied in order to keep within the above range. In all cases 
standards of the appropriate sugars were also analysed by 
the same procedure. 

Trehalose was estimated as described above and also in 
the eluate of paper chromatograms, developed as described, 
with the anthrone colorimetric method of Trevelyan & 
Harrison (1951). Satisfactory agreement between both 
these methods was obtained. 

Where the amount of sugars, released by the cells into 
the medium, was analysed, the colorimetric method of 
Somogyi (1952) and Nelson (1944) and also the above 
chromatographic procedure were used. 

Materials. The sugars used were recrystallized commercial 
preparations from Lachema, Brno. 

The results presented below are expressed in yg. of 
sugar penetrated or released/mg. dry wt. of yeast cells. 


RESULTS 


Time curve of sugar penetration into yeast cells, 


On incubation of S. cerevisiae, aerobically or 
anaerobically, with a non-fermented sugar, eg. 
D-galactose or D-arabinose, considerable amounts 
of apparently free sugar can be demonstrated in the 
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ells, as already indicated previously by Conway & 
Downey (1950). In Fig. 1 a representative result 
of a time-curve experiment for the penetration of 
p-galactose into S. cerevisiae cells under anaerobic 
conditions is shown. This curve appears to be 
exponential in time and reaches an equilibrium 
level within 60 min. of incubation. The same type 
ofcurve was obtained with p-arabinose and, as will 
he mentioned below, also with p-galactose and 
1-p-methylglucoside in S. fragilis. 

Since D-arabinose is known not to be meta- 
bolized by S. cerevisiae (see, for example, Kudri- 
avtsev, 1954), it appears that this substance pene- 
trates into the cells as free sugar. Certain experi- 
mental evidence suggests that under given experi- 
mental conditions galactose also penetrated into the 
ells as free sugar. Thus it was found that the Qo, 
or Q03, Of the yeast in the first 60 min. was not 
increased above the endogenous respiration or 
fermentation rates on addition of p-galactose, and 
the addition of galactose did not bring about a 
decrease of the steady-state level of inorganic 
phosphate, as opposed to glucose (Kotyk, 1958 and 
personal communication). On the other hand, after 
more prolonged incubation with galactose, but 
without nitrogeneous substrate, some adaptation 
of the yeast cells to galactose utilization mani- 
fested itself (see also Spiegelman & Reiner, 1947) 
by a decrease of the galactose content in the cells, 
and also by an increased Qo, (— 24, as compared 
with a Qo, of —12 without substrate) and a de- 
creased level of inorganic phosphate in the cells. 
Such cells will hereafter be termed partly adapted, 
as opposed to fully adapted yeast described by 
Stephenson & Yudkin (1936). 

Mention should be made here that with normal 
yeast no free glucose could be demonstrated in the 
cells on incubation with this sugar, neither aerobic- 
ally nor anaerobically ; however, in the presence of 
mM-iodoacetate glucose could readily be demon- 
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fig. 1. Time curve of galactose influx into S. cerevisiae. 
Standard yeast suspension, containing 5% (w/v) of 
galactose (final conen.). Temp. 30°; N, as gaseous 
phase. 
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strated intracellularly, as will be shown below 
(see Fig. 5). 

It was considered of interest to calculate from the 
results the maximum rate of sugar penetration into 
the cells, ie. the rate at zero time. This may be 
conveniently approximated by plotting sugar 
found (yg./mg. of cells dry wt./min.) against time; 
the intercept with the ordinate of the straight line 
obtained gives the zero-time rate of sugar penetra- 
tion in pg./mg. of cells dry wt./min. (Dr J. B. 
Chappell, personal communication). This maximum 
rate was found to average 2-06+0-20yg., ie. 
124 »g./mg. of dry cells/hr. (eight experiments). 

Effect of the concentration gradient of sugar on its 
intracellular concentration. The effect of the extra- 
neous concentration of D-arabinose on the intra- 
cellular level of this sugar in S. cerevisiae after 
incubation for 60 min. is shown in Fig. 2. It will 
be seen that the intracellular level of sugar in- 
creases nearly linearly with increasing concentra- 
tions of sugar in the medium. The same relation- 
ship was obtained with pD-galactose. It has been 
pointed out above that lhr. of incubation was 
found to be sufficient to establish an equilibrium 
level intracellularly; accordingly, the values for 
90 min. incubation did not differ from the results 
presented. 

The data obtained allow a calculation of the 
apparent ‘galactose or arabinose compartment’ 
(space) within the yeast cell (Conway & Downey, 
1950), assuming that this cell contains 65-4% of 
intracellular water (White, 1954), that the volume 
of intracellular water does not change on addition 
of the sugar and that at equilibrium the sugar 
concentration in the cellular compartment equals 
that in the medium. This apparent galactose space 
represented in our experiments 56-4 + 2-53 % of the 
total cell volume (range 38-9—79-6%, 22 experi- 
ments). However, it has been shown by Kotyk & 
Kleinzeller (1958) that the volume of the yeast cell 


w a 
o oO 


& 


y 
So 


Arabinose content (yg./mg. dry wt.) 
w 
Ss 


oO 


2 3 

Arabinose (%, w/v) 

Fig. 2. Effect of arabinose concentration in the medium on 
its intracellular level. Standard suspension of S. cere- 
visiae. Temp. 30°; 60 min. incubation; air as gaseous 
phase. 
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may decrease up to 20% on addition of a sugar Identical results, not reported here in detail, 
solution to the final concentration of 5%. The real were obtained with p-arabinose, both for the efflux 
galactose (or arabinose) space will therefore be and influx of this sugar. 

considerably higher, and may even approach Although values of Q,) of the order of 2 and 
100 %. These figures are considerably higher than higher for both fluxes do not of themselves con. 
those reported by Conway & Downey (1950), who _ stitute conclusive evidence for a biochemical 
calculated the galactose space to be of the order mechanism of sugar transport across the cell 
of 10%; the discrepancy might be explained by membrane, as opposed to transport due to physical 
the indirect method of measurement of the space forces alone (see Davson & Danielli, 1952), these 
used by the above authors, and also by some 
differences in the experimental conditions. 

It should be mentioned that in all of the 
numerous experiments the apparent equilibrium 
intracellular concentration of the examined mono- 
saccharides was lower than that of the medium; 
a transport against a concentration gradient thus 
was not observed under these experimental 
conditions. 

Table 1 shows the calculated apparent sugar 
spaces for galactose and arabinose in S. cerevisiae, 
and also for «-D-methylglucoside in S. fragilis. The 
spaces of the various sugars in the two yeast 
species are of the same magnitude. 

Effect of temperature on the influx and efflux of 
galactose in Saccharomyces cerevisiae. The effect of 
varying temperatures (1—30°) on the movement of 
galactose into yeast cells and on the efflux of this 
sugar was examined in order to contribute to the 
elucidation of the mechanism of sugar transport <a 
across the cellular membrane. 25 

The results of a representative experiment on the 
efflux of D-galactose are shown in Fig. 3. It will be 20 
seen that the galactose efflux is very low at 1° and 
increases considerably with increasing temper- 
ature. From the results obtained an average Qj, of 
2-4 was calculated. The very slow efflux of galactose 
from the cells at 1° justifies the washing procedure 
for the estimation of the intracellular sugar level, as 
outlined in Methods. 

The effect of varying temperatures (1—-30°) on 
the galactose influx was similarly examined. Here 
again a very low influx of galactose at 1° was 0 
observed, and the influx rapidly increased on in- 32 33 3-4 35 36 37 
creasing the temperature, with an average Q,,) of 10°T~" 

2-9. The zero-time rates of penetration at different Fig. 4. Effect of temperature on galactose influx. Standard 
temperatures, plotted on an Arrhenius plot, gave suspension of S. cerevisiae containing 5% (w/v) of 
a straight line (Fig. 4). galactose. N, as gaseous phase. 
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Fig. 3. Effect of temperature on galactose efflux. Standard 
suspension of S. cerevisiae, pre-incubated with 5% (w/v) 
galactose for 1 hr. N, as gaseous phase. 
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Table 1. Intracellular concentration of various sugars after equilibration of yeast cells 
with 5 % sugar solutions 


Standard yeast suspensions (3-4 mg. dry wt./ml.) were incubated with 5% (w/v) sugar solutions in a NaCl-phosphate 
buffer medium (see Methods) at 30° for 60 min. s.z. and range (in parentheses) are given where five or more experiments 
were carried out. Calculated 

No. of Concn. of sugar apparent space 
Yeast Sugar expts. (ug-/mg. dry wt.) % of total cell vol.) 
22 53-3 +2-4 (33-2-75-3) 56-4425 
55-943-8 (45-6-65-0) 59-143°95 
56-9 


S. cerevisiae Galactose 
S. cerevisiae Arabinose 
S. fragilis a-p-Methylglucoside ‘ 53-8 
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results taken in conjunction with those reported 
below are suggestive for the view that galactose, 
and equally some other monosaccharides, penetrate 
the yeast cells by a carrier mechanism. 

Competitive phenomena for sugar influx into yeast 
ells. Further experimental evidence for a possible 
carrier mechanism of monosaccharide transport 
across the cell membrane of S. cerevisiae was ob- 
tained by examining the effect of glucose on the 
influx of galactose and some other non-utilized 
sugars. 

Preliminary experiments showed that addition of 
glucose to the medium greatly reduced the influx 
of galactose into yeast cells, the rate of galactose 
penetration in the presence of 1% glucose and 5% 
galactose being practically nil (Table 2). This table 
also shows that of a number of various sugars and 
their derivatives only glucosamine, and to some 
extent also maltose, decreased the influx of 
galactose into S. cerevisiae cells, whereas the effect 
of a-p-methylglucoside, trehalose or phosphoryl- 
ated sugars (glucose 6-phosphate and glucose 1- 
phosphate) was negligible. 

Since under the above conditions glucose is 


Table 2. Effect of various sugars 
on galactose influx 


Standard suspensions of S. cerevisiae cells were incubated 
aerobically for 30 min. at 30° with 5% (w/v) galactose 
(control) or with galactose and additional sugar. 


Galactose 
(pvg-/mg. dry wt.) 


a 


additional 
Control sugar 
40-5 0-0 
50-0 42-0 
38-0 37-0 
39-5 23-7 
36-1 35-1 
28-3 28-3 
34-6 12-5 


Final conen. of 
additional sugar 

1% Glucose 

2% Glucose 1-phosphate 

2% Glucose 6-phosphate 

2% Maltose 

5% Trehalose 

1% a-D-Methylglucoside 

1% Glucosamine hydrochloride* 


* This experiment was done at pH 7:5. 


Table 3. Effect of varying glucose concentration 
on galactose influx 


Standard suspensions of S. cerevisiae cells were incubated 
wrobically (air) at 30° for 60 min. with 5% galactose, mm- 
indoacetate and varying glucose concentrations. 


Final conen. of 

added glucose Galactose found 
(% (ug./mg. dry wt.) 
0-0 61-5 
0-05 23-1 
0-1 17-7 
0-3 10-3 
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rapidly utilized, these experiments were repeated in 
the presence of iodoacetate of sufficiently high con- 
centration to prevent glucose utilization com- 
pletely, ic. 1-5 mm. The same inhibition of 
galactose influx by glucose was observed (Table 3). 
The influx of galactose at a concentration of 5 % in 
the medium was decreased to about one-third by 
the presence of 0-05 % of glucose; on further in- 
creasing the glucose concentration, the galactose 
level found in the cells after 1 hr. of incubation 
was still lower. 

Fig. 5 shows that the influx of galactose is 
decreased by the presence of 5 mm-iodoacetate. 
Lower concentrations of this inhibitor, i.e. mM, 
had no such inhibiting effect. When the yeast was 
incubated with glucose and 5 mm-iodoacetate, 
glucose penetration into the cells could be readily 
demonstrated and the glucose influx was even 
higher than that of galactose under otherwise 
similar conditions. However, when galactose, 
glucose and iodoacetate were present, the influx of 
galactose into the cells was practically nil. 

The effect of glucose on the galactose influx was 
also examined in a different yeast strain, i.e. S. 
cartilis, which was well adapted to the utilization 
of galactose, under both aerobic and anaerobic 
conditions. These experiments had to be carried 
out in the presence of iodoacetate ; in the absence of 
this inhibitor no free galactose could be demon- 
strated intracellularly, the galactose penetrating 
into the cells being obviously immediately further 
metabolized. 

Table 4 shows that in this yeast glucose did not 
appreciably affect the galactose influx. This result 
may suggest that the transport mechanism for 
galactose in S. cartilis differs from that of S. 
cerevisiae. 


=a 
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Fig. 5. Influx of galactose and glucose into S. cerevisiae. 
Suspensions of S. cerevisiae were incubated at 30° with 
air as gaseous phase. O, Galactose (5%) in medium, 
galactose influx; 0, 5% galactose + 5 mm-icdoacetate, 
galactose influx; A, 5% glucose +5 mm-iodoacetate. 
glucose influx; @, 5% galactose, 1% glucose and 5 mm- 
iodoacetate, galactose influx. 
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Effect of glucose on the efflux of galactose from cells 
of Saccharomyces cerevisiae. On addition of 
glucose to a yeast suspension which had been incu- 
bated previously for some time in the presence of 
galactose, and in which this sugar had penetrated 
into the cells, a rapid efflux of galactose from the 
cells occurred. If, however, iodoacetate (mm final 
conen.) was added simultaneously with glucose, the 
intracellular level of galactose did not change. 
These results are presented in Fig. 6. The same type 
of response to glucose was observed with arabinose, 
in the absence or presence of iodoacetate; the loss 
of arabinose was, however, considerably more 
rapid than that of galactose, so that 30 min. after 
the addition of glucose no arabinose could be 
detected in the cells. 

It will be noted that under the above experi- 
mental conditions the cells lost galactose or 
arabinose effectively against the concentration 
gradient of the respective sugars. 

In order to analyse this effect of glucose further 
under less complex conditions, experiments were 
carried out as described in Methods for the study of 


Table 4. Effect of glucose on galactose influx 
in Saccharomyces cartilis 


Standard suspension of S. cartilis cells were incubated at 
30° aerobically (air) with 5% galactose +3 mm-iodoacetate 
(control), and with added glucose (1%). 


Galactose found 


(ug-/mg. dry wt.) 
ae Ra led 
Glucose 
added 


Time - 
interval 
(min.) Control 
20 26-9 23-9 
40 43-1 36-6 


w 
$8 


a» 
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Nr 
o 
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Oo 


Galactose content (yg./mg. dry we.) 
w 
S 


o 


ee Time (min.) - re 
Fig. 6. Effect of glucose and iodoacetate on the transport 

of galactose. Suspensions of S. cerevisiae were incubated 

anaerobically at 30° with 5 % galactose; at 30 min. glucose 

1% (final conen.) or glucose and mm-iodoacetate was 
added. Galactose levels in the cells in yg./mg. dry wt. 
O, Control, 5% galactose; A, glucose added; (, 
glucose and iodoacetate added; @, galactose and glucose 
added at zero time. 


sugar efflux. In parallel experiments the efflux of 
galactose was studied and the effect thereon of 
glucose or mm-iodoacetate or both. The results of 
such an experiment are shown in Fig. 7. Here the 
efflux of galactose was followed by the measure. 
ment of both intracellular level and the amount of 
this sugar found in the medium; both figures 
agreed satisfactorily. 

It will be seen that the efflux of galactose was 
decreased only in the presence of glucose plus 
iodoacetate, glucose or iodoacetate alone being 
without effect. No such inhibiting effect of glucose 
was observed when lower concentrations of iodo. 
acetate, i.e. 0-5 mM, were used; under these condi- 
tions, also, no glucose could be demonstrated in the 
cells. 

From these experiments it appears that glucose 
affects the efflux of galactose, or of arabinose, only 
when free glucose can be demonstrated intra. 
cellularly. This last result may explain why 
glucose brings about an efflux of galactose (or 
arabinose) from the cells, whereas glucose plus iodo- 
acetate have no such effect, as shown in Fig. 6. 
Glucose in the medium, but not present intra. 
cellularly, inhibits the galactose influx without 
affecting the efflux; the intracellular concentration 
of galactose thus decreases. In the presence of 
iodoacetate glucose is also present intracellularly 
and under these conditions inhibits both influx and 
efflux of galactose. 

Effect of preliminary aeration on the influx of 
galactose into yeast cells. It was considered of 
interest to examine whether preliminary aeration 
affected the galactose influx into S. cerevisiae cells. 


60 


Galactose content (ug./mg. dry wt.) 


0 20 
Time (min.) 

Fig. 7. Effect of glucose on the efflux of galactose. 5. 
cerevisiae cells were pre-incubated with galactose, and 
washed and suspended in buffered saline (see Methods) 
and incubated at 30° anaerobically with or without 
additions. @, Control; 0, 1% glucose added; O, my- 
iodoacetate added; A, 1% glucose +mm-iodoacetate 
added. 
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Yeast was grown under anaerobic conditions, then 
centrifuged and washed, as described in Methods. 
Suspensions of this yeast were aerated for varying 
time intervals, then galactose (5% final concn.) 
was added and the intracellular level of this sugar 
after incubation for 30 min. was estimated. As 
shown in Fig. 8, the intracellular level decreased 
with increasing duration of preliminary aeration. 


40 


id w 
So So 


a 
So 


Galactose content 
(ug-/mg. dry wt.) 


30 60 90 120 150 
Time of aeration (min.) 


Fig. 8. Effect of aeration on galactose influx. S. cerevisiae 
cells were grown anaerobically, then washed and sus- 
pended in buffered saline, aerated for different time 
intervals without substrate, then galactose was added to 
5% final conen. Intracellular galactose (yg./mg. dry 
weight) was estimated after incubation for 30 min. at 30°, 
with air as gaseous phase. 


Table 5. Effect of preliminary aeration 
on the influx of galactose 


S. cerevisiae cells, grown anaerobically, were washed; 
part of the cells was used for the preparation of a standard 
suspension (control), the other part was incubated at 30° 
aerobically for 12 hr. in a shaker with glucose (6%, w/v) as 
substrate (the glucose was not completely used up), then 
a standard suspension was prepared with galactose (5% 
final concn.) as substrate. 

Galactose found 
f (ug./mg. dry wt.) 
Time eet tp eit ae 
interval 
(min.) 


Aerated 
yeast 


20 24-8 8-1 


Control 


40 41-2 24-5 
60 53-0 32-0 
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Similar results were obtained when the pre- 
liminary aeration was carried out with glucose as 
substrate, as shown in Table 5. 

These results suggest that aeration brings about 
changes of the membrane properties associated 
with a decreased permeability of the cell membrane 
for galactose. A more detailed investigation of this 
effect of aeration will be presented in future. The 
possibility has to be considered that under the 
above experimental conditions a loss of some nitro- 
geneous constituent required for the transport of 
galactose occurred. 

Penetration of some oligosaccharides into yeast cells. 
It has been shown above that monosaccharides can 
be demonstrated inside yeast cells under conditions 
when they are not further metabolized. It was 
therefore considered of interest to compare the 
penetration of some oligosaccharides into yeast 
cells and thus to obtain further information on the 
mechanism of sugar penetration. As with monosac- 
charides, no intracellular sugar could be demon- 
strated where this was appreciably metabolized. 

Table 6 shows that no penetration of lactose into 
cells of S. cerevisiae, nor of maltose into S. fragilis, 
could be demonstrated, although these yeasts do 
not metabolize the respective sugars. The mech- 
anism of penetration of these sugars thus appears to 
differ from that of galactose. 

On the other hand, it will be noted that, as 
opposed to S. cerevisiae, the influx of «-p-methyl- 
glucoside could be demonstrated in S. fragilis. The 
penetration of «-D-methylglucoside into the latter 
yeast was decreased by the presence of glucose, 
which possibly suggests a common transport 
mechanism for both these sugars. Since maltose 
penetration into this yeast could not be demon- 
strated, it would appear that the mechanism of 
transport of methylglucoside across the cell 
membrane of S. fragilis differs from that of maltose. 

A considerable apparent permeability of the cell 
membrane of S. cerevisiae for trehalose follows from 
the observation that on incubation of this yeast, 
grown under anaerobic conditions with trehalose 


Table 6. Comparison of influx of various sugars into cells of Saccharomyces cerevisiae 
and Saccharomyces fragilis 


Standard suspensions were incubated at 30° aerobically for 60 min. with various sugars (5% final concn.). 


Sugar tested 


«-D-Methylglucoside 


Maltose bx 
Lactose — 
Trehalose — 


Addition 
Galactose — 


«-D-Methylglucoside — 
1% Glucose —- 0 


Intracellular concn. 
(pwg-/mg. dry wt.) 
S. cerevisiae S. fragilis 
40-2 47-8 
0 53-0 


0 0 
0 0 
120* 0 


* The initial amount of trehalose present in S. cerevisiae cells (63-6 ug./mg.) was deducted. 
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the intracellular level of this sugar considerably 
increased, whereas no increase was observed in the 
presence of glucose as substrate (see Fig. 9). The 
relatively high initial level of trehalose reflects the 
fact that this oligosaccharide is a normal metabolic 
constituent of the yeast cells. Further experi- 
ments, not reported here in detail, showed that on 
incubation of yeast in which trehalose had accumu- 
lated, no efflux of this sugar could be detected. No 
suggestion can be made at present as to whether 
this last observation, and also the fact that the 
apparent intracellular concentration of trehalose 
after incubation with this sugar was higher than 
that of the medium (Table 6), may be due to an 
intracellular fixation of trehalose or to a specialized 
transport mechanism across the yeast cell mem- 
brane. 
DISCUSSION 


Rate of penetration of monosaccharides into yeast 
cells. It has been shown that the maximum rate of 
galactose (or arabinose) penetration into S. 
cerevisiae was of the order of 120 ug./mg. dry wt./ 
hr. How does this rate compare with the maximum 
observed rate of galactose utilization in this yeast? 
In yeast cells partly adapted to the utilization of 
galactose by aeration with this sugar for 2448 hr., 
the following Q >, values were found: with 
galactose, 24, without substrate, 12, corresponding 
to a galactose-utilization rate of about 30 yg./mg. 


300 
250 
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Trehalose content (yg./mg. dry wt.) 
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0 30 60 90 
Time (min.) 

Fig. 9. Trehalose influx into S. cerevisiae. Yeast was grown 
anaerobically, and then the standard suspension was 
prepared and 5% of trehalose (1) or 1% of glucose (O) 
added. 
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dry wt./hr., assuming here that in the presence of 
galactose the utilization of endogenous substrate 
was completely suppressed. It thus follows that 
under given experimental conditions the galactose 
influx was more than sufficient to account for the 
rate of metabolism of galactose. This conclusion js 
also borne out by the observation (to be published) 
that in S. cerevisiae R XII, fully adapted to the 
utilization of galactose, this sugar in an apparently 
free state could be demonstrated intracellularly 
during the course of galactose utilization; it would 
appear that here also the influx of galactose 
exceeded the rate of utilization of this sugar. 

The observation that glucose influx appears to 
be somewhat greater than that of galactose under 
specified conditions (Fig. 5) suggests that the 
mechanism transporting glucose across the cell 
membrane may be responsible for a considerable 
portion of the rate of metabolism of this sugar in 
S. cerevisiae. 

Mechanism of transport of monosaccharides across 
the yeast cell membrane. The views on the mech- 
anism of monosaccharide transport across the cell 
membranes vary with different organisms in which 
this problem has been studied. Whereas some 
authors maintain that glucose is transported by a 
phosphorylating mechanism, located in the cell 
membrane (e.g. Rothstein, 1956, for yeast cells), 
others suggest in Escherichia coli ‘an active trans- 
port mechanism for oligosaccharides with the parti- 
cipation of a permease (see Cohen & Monod, 1957). 
Finally, some authors suggest a facilitated diffusion 
mechanism for the permeability of erythrocytes to 
glucose (e.g. Stein & Danielli, 1956), which may in 
some respects be considered to be equivalent toa 
carrier-linked mechanism. 

The results reported above appear to exclude a 
phosphorylating mechanism of galactose (or 
arabinose) transport in yeast cells, since this sugar 
was found intracellularly in an apparently free, i.e. 
non-phosphorylated, state, and since no phosphoryl- 
ation could be directly demonstrated by changes of 
the steady-state level of inorganic phosphorus in 
the yeast cells on addition of galactose (Dr A. 
Kotyk, personal communication). On the basis of 
a phosphorylating transport it would also be 
rather difficult to explain the same order of influx 
of both galactose and arabinose, no evidence being 
available that the latter sugar is metabolized by 
yeast cells. Apparently free glucose could also be 
demonstrated intracellularly when the further 
metabolism of this sugar was completely inhibited 
by iodoacetate. This finding may suggest that at 
least a portion of glucose entering S. cerevisiae cells 
may do so by a non-phosphorylating mechanism. 
The possibility cannot be excluded at present that 
free glucose may be secondarily produced in the 
cells by the action of a phosphatase on primarily 
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formed glucose phosphate. Such a sequence of 
events, however, appears to be less likely for the 
following reasons. First, 1-mole of high-energy 
phosphate would be required/mole of glucose 
transported across the cell membrane; this is 
difficult to visualize since with anaerobic conditions 
in the presence of iodoacetate little high-energy 
phosphate would be available in the cells, and also 
since it was found in experiments not reported here 
in detail that the intracellular level of glucose was 
linearly related to the glucose concentration in the 
medium (1 and 5%, w/v); secondly, it would also 
be rather difficult then to explain the competition 
between glucose and galactose or arabinose for the 
penetration into the cells, glucose phosphates 
having no such effect. 

The suggestion was made above that the trans- 
port of p-galactose, D-arabinose and also of some 
portion of glucose across the yeast cell membrane is 
carrier-linked, and not due to diffusion only. This 
suggestion is based on the following evidence: 
(1) The Q,) values for both influx and efflux of 
galactose or arabinose were of the same order, 
ie. 2:4-2-9, thus being considerably higher than 
would be expected for a simple diffusion process. 
(2) Competition between various hexoses for the 
transport mechanism, as shown above, is hardly 
compatible with transport due to diffusion. How- 
ever, it should be recalled that under specified con- 
ditions galactose and arabinose were transported 
effectively against a concentration gradient; in 
view of the rather complex conditions this last 
result cannot be taken as evidence for an active 
transport mechanism. Further experiments, es- 
pecially at lower concentrations of sugar, and the 
measurement of the kinetics of galactose influx at 
various concentrations of this sugar in the medium, 
might help to elucidate further the transport 
mechanism. It should be mentioned that a carrier- 
linked transport of monosaccharides (or facilitated 
diffusion) has been postulated as the transport 
mechanism in a number of different cells, especially 
in erythrocytes, both on kinetic grounds (see 
Bowyer & Widdas, 1956; Wilbrandt, Frei & 
Rosenberg, 1956; Stein & Danielli, 1956) and on the 
basis of competitive phenomena of hexose influx 
(LeFevre & Davies, 1951). 

The observation that glucose competes with 
galactose or arabinose for the influx or efflux across 
the cell membrane of S. cerevisiae cells suggests 
that the same carrier mechanism is responsible for 
the transport of the above monosaccharides. From 
the data presented on the effect of various concen- 
trations of glucose on galactose influx it may be 
calculated, with the equation of Krebs & Johnson 
(1948), that the affinity of the postulated carrier is 
about 100 times as high for glucose as for galactose. 
No suggestion other than a speculative one can at 
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present be offered as to the character of the carrier 
system. However, the possible participation of a 
(phosphorylated? see Lipmann, 1954) hexokinase 
as carrier in the yeast cell membrane, acting in 
both directions, might not be excluded in view of 
the relatively low specificity of this enzyme 
(Stumpf, 1954) and also since in the above experi- 
ments galactose influx was inhibited by those sugars 
which are known to act as substrates for yeast hexo- 
kinase, i.e. glucose and also glucosamine (Brown, 
1951). The fact would then have to be explained 
that yeast hexokinase does not appear to catalyse 
the phosphorylation of galactose or arabinose. 

If it is allowable to argue from the competition 
between various sugars for the penetration across 
the cell membrane of S. cerevisiae by a common 
carrier system, it would follow that the membrane 
of this yeast possesses a carrier capable of trans- 
porting glucose, galactose and arabinose. On the 
other hand, in S. fragilis, «-D-methylglucoside 
appears to be transported by the same mechanism 
as galactose and glucose, the mechanism of maltose 
transport being different. In S. cartilis, galactose 
influx was not affected by glucose. Thus differences 
appear to exist in the specificity of the carrier 
system or in the mechanism of transport of mono- 
saccharides in various yeasts. 

Metabolic aspects of the transport of monosac- 
charides in yeast cells. Here two aspects will be 
considered, i.e. the described competitive pheno- 
mena and the effect of aerobiosis of yeast on 
galactose influx. 

Monod (1942) described the phenomenon of 
diauxie in micro-organisms, i.e. that in the presence 
of two utilizable substrates one substrate after the 
other is utilized for growth, and the view was 
advanced that this phenomenon is due to the for- 
mation of adaptive enzymes. A similar pheno- 
menon has been shown for a resting culture of the 
yeast Rhodotorula gracilis (Kleinzeller, Malek, 
Praus & Skoda, 1952) where yeast, previously 
adapted to the utilization of xylose, in the presence 
of both glucose and xylose consumed first glucose 
and only then xylose. It appears that diauxie may 
find its explanation—at least where monosac- 
charides are concerned—in the competition of 
various sugars for penetration into the cells. 

The observation that the rate of penetration of 
galactose was affected by the previous aerobic or 
anaerobic conditions of the yeast cell, as shown 
above, might have a bearing on the understanding 
of the Pasteur effect in yeast. It has been re- 
peatedly pointed out (see, for example, Stickland, 
1956) that the Pasteur effect is characterized by a 
decreased utilization of substrate under aerobic 
conditions; the decreased permeability of the cell 
membrane under aerobic conditions might thus 
contribute to this complex regulating mechanism. 
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SUMMARY 


1. The permeability of the cell membranes of 
some yeast cells for various mono- and di-sac- 
charides has been studied. 

2. The influx of D-galactose and pD-arabinose 
into the cells of Saccharomyces cerevisiae followed 
an exponential curve; an apparent equilibrium 
concentration of these sugars in the cells was 
reached within 60 min. 

3. Free glucose could be demonstrated intra- 
cellularly when the metabolism of this sugar was 
inhibited, e.g. by mm-iodoacetate. 

4. The maximum rate of penetration of D- 
galactose into S. cerevisiae cells was 2-06 + 0-2 yg./ 
mg. dry wt./min. This rate was sufficient to account 
for the metabolism of galactose in this yeast, partly 
adapted to the utilization of galactose by aerobic 
incubation with this sugar. 

5. The apparent galactose or arabinose space in 
S. cerevisiae was found to be 56:4 and 59:1% 
respectively, and the apparent «-p-methylglucoside 
space in S. fragilis was found to be 56-9 % of the 
cell volume. In the calculation of the apparent 
sugar space no account was taken of the consider- 
able changes of the intracellular water volume on 
addition of sugar. 

6. The Q,,. values for both influx and efflux of 
D-galactose in Saccharomyces cerevisiae cells was of 
the same order, i.e. 2-9 and 2-4 respectively; at a 
temperature of 1° practically no fluxes of sugar were 
observed. 

7. The influx of D-galactose or D-arabinose into 
S. cerevisiae was inhibited by the presence of 
glucose and glucosamine. 

8. The efflux of D-galactose from S. cerevisiae 
cells was not inhibited by glucose unless glucose 
could be simultaneously demonstrated intra- 
cellularly in the presence of 1-5 mm-iodoacetate. 

9. Preliminary aeration of anaerobically grown 
S. cerevisiae cells decreased the influx of pD- 
galactose. 

10. The permeability of the cell membrane of S. 
fragilis for «-D-methylglucoside, but not for maltose, 
and of S. cerevisiae for trehalose, was demonstrated. 

11. The results obtained are considered from the 
point of view of a carrier-linked transport of D- 
galactose and D-arabinose across the cell mem- 
brane of S. cerevisiae cells, with glucose acting as 
a competitive inhibitor of considerably higher 
affinity for the carrier than galactose. 
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12. The possible significance of the results fo 
the phenomenon of diauxie is discussed. 


The authors are indebted to E. Masnerova for invaluabje 
technical assistance. One of the authors (A.K.) wishes tp 
express his indebtedness to Dr J. B. Chappell for suggesting 
the graphical method for the calculation of the zero-time 
rates of influx. 
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The Activity in vitro of Growth Hormone in Reducing the 
Respiratory Quotient of Rat Diaphragm 


By P. R. DASGUPTA* anv F. G. YOUNG 
Department of Biochemistry, University of Cambridge 


(Received 11 August 1958) 


The administration to the rat under suitable con- 
ditions of crude anterior-pituitary extracts (Fisher, 
Russell & Cori, 1936), of extracts rich in growth 
hormone (Greaves, Freiberg & Johns, 1940) or of 
purified growth hormone (Greenbaum, 1953) can 
bring about a reduction of respiratory quotient of 
the animal as a whole. In important notes Recant 
(1952a, b) stated that effects of this sort could be 
induced in vitro by certain pituitary extracts, in- 
cluding some preparations of growth hormone, 
with isolated rat diaphragm suspended in glucose- 
containing buffer. We have undertaken the present 
investigation to ascertain whether this effect can 
be elicited with the purified preparations of growth 
hormone made in this Laboratory. 


EXPERIMENTAL 


Animals. Male albino rats of inbred laboratory strain, 
weighing 100-150 g. and maintained on a stock diet (Short 
& Parkes, 1949) were used. For the experiments with 
diaphragm food was withdrawn overnight and the animals 
were killed by decapitation. 

Hormone preparations. Growth hormone was prepared 
from ox anterior-pituitary tissue, by a modification of the 
method of Wilhelmi, Fishman & Russell (1948). A crude 
sterile alkaline extract of ox anterior-pituitary tissue 
(Young, 1953) was used in some experiments. This pre- 
paration, referred to as FGS, was rich in growth hormone 
and also contained other anterior-pituitary factors. We 
also did experiments with two fractions of FGS kindly 
made available to us by Mr B. Ketterer. These fractions 
had been prepared by electrophoresis of FGS in barbital 
buffer at pH 8-6 and ionic strength 0-1 in a column of 
cellulose treated with ethanol and acetyl chloride, according 
to the method of Campbell & Stone (1956). The protein 
concentration of the fractions eluted from the column was 
determined by the method of Lowry, Rosebrough, Farr & 
Randall (1951). Under these conditions FGS separated into 
five peaks. The eluates corresponding to each peak were 
combined, dialysed exhaustively against distilled water 
and freeze-dried. F and F, were the third and fourth of 
these fractions. The faster-moving component (/’;) possessed 
no growth-promoting activity whereas the slower-moving 
one (F,) was highly active in this respect (see Table 3). 

Determination of respiratory quotient in vitro. The first 
method of Dickens & Simer (1930) was followed. The buffer 
used was Ringer phosphate (Krahl, 1951) with the omission 

* Colombo Plan Trainee from Presidency College, 
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of CaCl,, where necessary a 10% (w/v) solution of glucose 
being added to the buffer in such amount as to make a final 
glucose concentration of 0-2%. 

In each experiment the procedure was as follows: the 
diaphragm was removed from the rat immediately after 
death, divided into halves and placed for 10-15 min. in 
ice-cold Ringer phosphate solution through which a stream 
of oxygen was passing. Each hemidiaphragm was then 
gently dried on filter paper, trimmed and put into the 
incubating medium. The hemidiaphragms were then 
allowed to respire at 37° for 2 hr., three groups of flasks 
being set up in each experiment: (1) with no glucose or 
hormonal preparation; (2) in the presence of glucose but 
with no hormonal preparation; (3) in the presence of 
glucose and of hormonal material. In some control 
experiments the hormonal preparation was replaced by an 
extract of rat-liver tissue prepared by the method used for 
obtaining the crude anterior-pituitary extract, and in other 
control tests a solution of rabbit-muscle tropomyosin 
(Bailey, 1948), in concentration comparable with that of 
the growth hormone, was used. The differences between the 
mean values for R.Q., over a period of 2 hr. under the 
different conditions, were determined and the probability 
(P) was calculated that the difference was due to chance. 

Growth-promoting activity. Daily subcutaneous injections 
of growth hormone were given for 10 days to groups of 
approximately five rats which had been hypophysecto- 
mized about 2 weeks before the first injection. The animals 
were weighed daily before and during the experiment and 
the mean weight increase during the period of 10 days was 
calculated. In each experiment a group of control rats 
received treatment with 0-9% NaCl instead of growth 
hormone, and two groups received different doses of the 
Laboratory standard preparation of growth hormone 
(preparation 55, Table 3). The results are expressed in 
terms of the difference in mean weight between the control 
and experimental groups. 


RESULTS 


Table 1 indicates that the addition of a crude 
anterior-pituitary extract (FGS) im vitro reduces 
the R.Q. of the isolated diaphragm respiring in 
glucose under the conditions of our experiments. 
Since, in the absence of glucose, the R.g. obtained 
was 0-711+0-010 (mean value for 14 experiments) 
the reduction resulting from the addition of the 
pituitary extract in some experiments was to about 
the value to be expected in the absence of glucose. 
The crude pituitary extracts all possessed some 
R.Q.-lowering activity im vitro. 
16-2 
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When 0-2 mg. of purified growth hormone was highly significant. All these preparations of growth 
added (Table 2) the mean values of the R.q. were hormone possessed similar growth-promoting actiy. 
all below those in control experiments, significant ities and were not significantly different in activity 
differences between the effects of different batches from the International Standard preparation of 
of growth hormone being seen. Preparations 57 growth hormone (Table 3). 
and 62 were hardly active at all, and the activity of The clear-cut lack of relationship between 
preparation 61 was the only one whose effect in growth activity in vivo and ability to reduce R.g. in 
depressing R.Q. in vitro was shown to be statistically _ vitro is illustrated by the results with preparations 


Table 1. Effect of the addition in vitro of ox-pituitary preparations on the respiratory quotient 
of isolated rat diaphragm respiring in glucose solution 


R.Q. 
ra ~ or. ~~ 
Preparation added Difference between 
Se experimental and Probability 
Amount No. of Mean control values that difference 

Description (mg.) observations (+8.E.) (+8.E.) is significant 
Crude liver extract 0-5 9 0-848 + 0-025 — —- 
Crude pituitary extract 0-5 7 0-730 +0-017 — 0-118 +0-033 <0-01 

no. FGS 308 

FGS 310 “f 8 0-708 +0-023 — 0-140 +0-034 <0-01 
Fs D 20 0-638 + 0-042 —0-210+0-049 <0-001 
F, “f 19 0-641 +0-041 —0-641+0-041 <0-001 


Table 2. Effect of different preparations of ox-pituitary growth hormone on the respiratory quotient 
in vitro of isolated rat diaphragm respiring in glucose solution 


R.Q. 
Growth-hormone A —, 
preparation added Difference between 
se experimental and Probability 
Amount No. of Mean control values that difference 
No. (mg.) observations (+8.5.) (+8.E.) is significant 
(Control) —_ 0-804+0-014 -- _— 
57 0-20 0-786 +0-019 — 0-018 40-024 >0-5 
60 0-20 0-735 +0-029 — 0-071 +0-032 <0-05 
61 0-20 0-660 + 0-038 —0-144+0-040 <0-01 
62 0-20 0-750 +0-034 — 0-054 + 0-037 >0-1 
60 0-002 0-812+0-003 — 
0-020 0-793 + 0-028 —0-011+0-031 >0°5 
0-200 g 0-740 + 0-023 — 0-064 + 0-027 <0-05 
2-000 0-682 +0-079 —0-122+0-080 >0-1 
(Tropomyosin) 2-000 0-810 +0-095 — — 





Table 3. Growth-promoting activity, in hypophysectomized rats, of different preparations of growth hormone 


Increase in weight above that 
of controls 
ae at cee 
No. of Amount Amount 
Growth-hormone animals in (ug-/day) (pg./day) 
preparation each group 47-5 15 
International Standard 10 19-5+2°8 13-0+1-8 
preparation 
55 (Laboratory standard) 10 22-0+1-9 15-0+2-0 


21-241°5 13-4+1-4 
16-44+4-7 4544-7 
17-9+2-2 12-342-1 
19-343-2 9:0+3-7 
23-343°3 11-2+3°1 
a —1-2+41-2* 
_ 13-4+2-2* 


55 
57 
60 
61 
62 


F; 
F, 


[=r] 
oa anaaaoe 
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F, and F,. Both of these were active in reducing 
the R.Q. in vitro (Table 1) but only one (F,) 
possessed growth-promoting activity. 

Since some pituitary preparations with inter- 
medin activity (Collip, 1938; Folley, 1955) have 
been found to possess also an R.Q.-lowering action, 
Dr H. B. F. Dixon kindly tested some of our pre- 
parations for melanocyte-stimulating activity in 
frogs and found no relationship between the small 
amount of intermedin-like activity observed and 
the R.Q.-reducing activity. 


DISCUSSION 


There is no doubt that the administration of crude 
pituitary extract and of purified growth hormone 
to the intact animal lowers the R.q., but the 
physiological significance of the action of pituitary 
preparations in reducing the R.Q. im vitro is not 
certain. However, since we have preparations of 
growth hormone without significant effect on the 
R.Q. in vitro (Table 1), and other pituitary prepara- 
tions deficient in growth-promoting activity but 
active in reducing the R.Q. in vitro (for example F,, 
Tables 1 and 3) there is no reason to suppose that 
the action in vitro is a property of growth hormone 
itself. This is in agreement with the conclusions of 
Recant (1952a, b). 


SUMMARY 


1. The effect of the R.Q. of isolated rat diaphragm 
respiring in glucose medium of the addition of 
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growth-promoting pituitary preparations in vitro 
was studied. 

2. No relationship was found between growth- 
promoting activity in the hypophysectomized rat 
and R.Q.-depressing ability in vitro. The B..- 
depressing factor appears not to be growth hormone. 


We acknowledge the assistance of Miss Marjorie Thomas, 
who hypophysectomized the rats and also carried out some 
of the assays of growth hormone recorded here. The ex- 
penses of this investigation were partly defrayed from an 
expenses grant to one of us (F.G.Y.) from the Medical 
Research Council, for which we wish to express our thanks. 
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Observations upon the Toxic Principle in the Seeds of 
Dichapetalum toxicarium 
SEPARATION OF A LONG-CHAIN FATTY ACID CONTAINING FLUORINE 
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Department of Biochemistry, University of Oxford 


A. J. P. MARTIN anp J. WEBB 
National Institute for Medical Research, Mill Hill, London, N.W. 7 


F. T. BIRKS 
A.E.R.E., Harwell, Berks. 
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The seeds of Dichapetalum toxicarium (also called 
ratsbane) have been known for long (Power & 
Tutin, 1906) to have toxic properties which bear a 
general resemblance to the effect of fluoroacetate 
found in the leaves of the South African plant 
Dichapetalum cymosum (Gifblaar), a potent cattle 

* Present address: A.R.C. Institute of Animal Physio- 
logy (Biochemistry Department), Babraham, Cambridge. 


poison (Marais, 1944). Some of these seeds became 
available to us from Sierra Leone, by the kindness 
of Sir John Simonsen, F.R.S., and the Government 
Departments concerned (for a photograph of these 
seeds see Peters, 1954); and we have tried to isolate 
and characterize the active principle. In this paper, 
we describe the separation of a fraction containing 
a long-chain fluoro fatty acid. This work was 
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finished in 1954, and has been communicated in 
part to the Biochemical Society (Peters, Wakelin, 
Birks, Martin & Webb, 1954). Further work on the 
composition of the fraction will be reported later. 


METHODS 


Citric acid estimation 


This was done by the method of Pucher, Sherman & 
Vickery (1936), as modified by Buffa & Peters (1949). The 
chemical substances used were A.R. where possible. 


Methods of testing and controls 


The bigchemical tests for toxicity in vitro were done with 
dispersions of kidney particles (from the guinea pig) with 
fumarate as the substrate upon the assumption that an 
accumulation of citrate is an indication of the formation of 
fluorocitric acid (for details see Peters & Wakelin, 1957). It 
was found that as little as 0-0118 zmole of a synthetic long- 
chain fatty acid such as w-fluorodecanoic acid could 
produce a marked accumulation of citric acid in 3 ml. of 
test medium (Table 1); this would be equivalent in terms of 
F to approximately 1-0 yg. of fluoroacetic acid, and hence it 
differed from the effect of fluoroacetic acid, where much 
larger amounts must be added to give such citric acid 
accumulations, presumably because the enzymes in the 
centrifuged kidney particles contain a low concentration of 
the fluoroacetate-activating centres. 

In a subsequent experiment, it was proved by the use of 
brain particles from the pigeon (Peters & Wakelin, 1957) 
that fluorocitric acid was synthesized from w-fluorodecanoic 
acid by the kidney particles (Table 2). This experiment 
shows the formation in 0-2 ml. of the contents of the flasks 
from the first experiment of an amount of fluorocitric acid 


Table 1. Effect of w-fluorodecanoic acid in prevent- 
ing metabolism of citrate by particles of guinea-pig 
kidney 


Each flask contained 1-9 ml. of enzyme (made up in 
10% KCl containing 0-05m-sodium phosphate buffer, 
pH 7-2), 0-1 ml. of MgCl, (4-0 umoles), 0-1 ml. of adenosine 
triphosphate (ATP; 1-2 umoles), 0-2 ml. of sodium fumarate 
(20umoles), and additions of 0-02-0-1 ml. and 1% KCl 
(0-134Mm) to make up the volume to 3-0 ml. Experiments 
were run for 40 min. at 38°, after which trichloroacetic acid 
was added, and citric acid estimated in the filtrate. 

Citric acid 
found 
(umoles) 


Fluorodecanoate 
added 
(umoles) 

Expt. 1 
0°85 
10-90 
9-10 
9-00 
7-90 


None 
2-36 

0-472 
0-236 
0-047 


None 

0-236 

0-047 

0-0236 

0-0118 
None + fluoracetate 
(20 umoles) 


0-19 
3-89 
4:10 
2-30 
3-80 
3°51 
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Table 2. Synthesis of fluorocitric acid from yw. 
fluorodecanoic acid by kidney particles, determined 
enzymically by the use of brain particles 


Details were as in Table 1, except that the substrate was 
sodium oxaloacetate (20ymoles) instead of sodium fu. 
marate; 100 ug. (0-52 umole) of w-fluorodecanoate added, 
The expt. was run for 40 min. at 38°. 

Citric acid 
found 


Conditions (umoles) 


Kidney particles 
A. Medium alone 
B. Medium + fluorodecanoate 


0-20 
4-73 
1-18 
3-72 
2-54 
2-22 


Brain particles + 0-2 ml. of A 
Brain particles + 0-2 ml. of B 
Difference 


True difference allowing for citrate 
added in 0-2 ml. of B 


Table 3. Non-specific effects of long-chain fatty 
acids on synthesis and degradation of citric acid 
from fumarate by guinea-pig particles 


ixperimental details were as in Table 1, except that 

unless stated otherwise flasks had an addition of 15 yg. of 
sodium fluorocitrate (synthetic) to block citrate degrada. 
tion. In the last experiment it is shown that sodium oleate 
(25 wg.) does not interfere with total metabolism of fumar- 
ate, nor with the specific stage of citrate formation when 
particles are blocked with fluorocitrate. 

Citrate 
synthesized 

(umoles) 
None — 6-23 
100 0-61 

50 0-56 

25 5-07 
200 1-55 
100 4-46 

50 5°85 
200 0-16 
100 0-28 

50 5°85 
0-20 
6-02 
0-26 


Additions 
(ug-) 


Sodium oleate 


Sodium palmitate 


Sodium laurate 


None; fluorocitrate omitted — 
None 
Sodium oleate, 25 yg.; 
fluorocitrate omitted 
510 


Sodium oleate 





causing an extra accumulation of 2-22 wmoles of citric acid. 
In an experiment with brain particles and substrates 
pyruvate and fumarate, together with varying amounts of 
fluorocitric acid (enzymic), 5yg., 2-5yg. and O-5yg. of 
fluorocitric acid gave accumulations of 2-43, 2-11 and 
1:16 moles respectively. By using 2-5ug. as equivalent 
approximately to the value found in the brain experiment, 
it can be calculated that each flask contained 37-5 yg. of 
fluorocitric acid, a 34% conversion from the total o- 
fluorodecanoic acid added. 

The point arose also whether there could be some non- 
specific effect of any non-fluorine-containing fatty acids on 
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the synthesis of citric acid. The results of some control 
experiments are included in Table 3. They show that the 
long-chain saturated fatty acids, in amounts up to 50 yg./ 
30 ml., do not interfere appreciably. With sodium oleate, 
it was not safe to use an amount over 25yg./3-0 ml. 
(0-027 m-mole). Since the effects in our tests were obtained 
with much less acid than this, it is clear that they were 
specific. 


RESULTS UPON SEED EXTRACTS 


It was found that the husks were not toxic (Peters, 
1954); but that rats died, sometimes with oedema, 
after ingesting 0-5 g. of the ground seeds mixed 
with rat cake. In the belief that the toxic principle 
was fluoroacetic acid, aqueous extracts of the 
ground seeds were made, and proved to be re- 
latively non-toxic. This was a difference from the 
leaves of the Dichapetalum cymosum, where the 
fluoroacetic acid is extracted by water. Thinking 
that this implied that a fluoroacetyl group was 
combined with some constituent of the seed which 
required digestion, we incubated the ground seeds 
with liquor pancreaticus; the aqueous extract of 
this proved toxic. It was fractionated by a modi- 
fication of the method of Marais (1944). An 
attempt was made to fractionate by shaking into 
alkali, stopping short at approximately pH 6-5, 
upon the idea that the fluoroacetic acid would be 
completely ionized at this pH and would be 
extracted selectively. The final substances ob- 
tained in this way were then fractionated, removing 
fractions soluble in small volumes of 96 % ethanol. 
In the end, from about 55 g. of the ground seeds 
approximately 1:-4mg. of crystals, m.p. 194°, 
which resembled potassium fluoroacetate (m.p. 
210°) were obtained (Found: F, 12-7+ 3-1. Cale. for 
(,H,OFK: 16-4 %). The fluorine content was higher 
than that for a long-chain fatty acid. There seemed 
no doubt that this was an impure specimen of 
potassium fluoroacetate. 

Though the losses were unquestionably great in 
this isolation, the amount of fluoroacetate was 
much too low to account for the total toxicity. We 
then found that a light-petroleum extract of the 
ground seeds after removal of the solvent killed 
rats with increases of citric acid, especially in the 
heart. The clinical picture for the relative amounts 
of citric acid in heart and kidneys was reversed, as 
compared with that usually found after injection of 
fluoroacetate. After filtration, the light petroleum 
was removed from the extracts. The toxic principle 
in the residual fat withstood heating for 6 hr. with 
lvol. of 10% KOH +4 vol. of methanol, and the 
mixed fatty acids obtained contained 0-14 % of F. 
Fatty acids shaken into ether from the saponified 
residue after the acidification proved toxic but 
could not be separated by the solvents then tried. 
Some of this material was therefore subjected to 


fractionation by reversed-phase chromatography 
(Howard & Martin, 1950), the various fractions 
extracted being tested upon the kidney system. 
The toxicity ran in the C,,-C,, fatty acid fraction 
(Fig. 1). A fluorine analysis of this fraction, based 
upon the titration figures calculated for a mol.wt. 
300, gave a figure of 6-6%, indicating that the 
crude fat contained about 2 % of the toxic substance. 
Attempts to run the fluoro fatty acids on the gas 
chromatogram were unsuccessful. 

Examples are given in Table 4 of tests upon two 
cuts obtained in another experiment by reversed- 
phase chromatography from the column. Tests 
were made upon a theoretical 2-5 yg. in 0-05 ml. of 
50% ethanol, as calculated again on the assump- 
tion that the molecular weight was 300. On the 
basis of these tests which differentiated the cuts 
very sharply, it appeared that, by extrapolation 
from the effect of 1-25 ng. even 0-6 yg. of the active 
substance might produce a citrate accumulation of 


| 
112 |C14 C16 
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Cut 3 
Cut 1 Cut 2 z Cut 4 Cut 5 


Toxicity 


Vol. of 0:01 N-KOH ( yl.) 
a 


25 {50 75 100 
65% No. of 2-1 ml. fractions 


Fig. 1. Results of arun of 10-1 mg. of fatty acids from seeds 
of Dichapetalum toxicarium by reversed-phase chromato- 
graphy. Stationary phase liquid paraffin. Mobile phase 
starts with 55% (v/v) acetone—water, after which there 
is a change to 65% acetone—water at the point indicated. 
Ordinate represents the amounts of acid neutralized by 
the fractions. 


Table 4. Effect of chromatographic fractions upon 
citric acid metabolism of kidney particles (guinea pig) 


The details of the experiment were as in Table 1, except 
that the control had an addition of 0-05 ml. of 50% 
ethanol to control the amount added with the test samples. 
The flasks were shaken for 40 min. at 37-9°, after which 
trichloroacetic acid was added and the citric acid deter- 
mined in the filtrate. Cuts refer to grouped fractions 
separated by reversed-phase chromatography. 

Citric acid 
Addition (umoles) 
Control 0-16 
Cut 3, 3-65 
QE A 2-56 
Cut 5, 2-5 yg. 0-26 
0-22 


Fluorocitrate (20 ug., synthetic) 6-77 
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approx. 1-28 umoles or an amount equivalent in F 
to about 0-2 yg. of fluoroacetic acid. If we assume 
a 30% conversion, this would be equivalent to an 
amount of fluorocitrate of about 0-5 yg. able to 
cause this block in the 150mg. of kidney tissue 
used. 

Analyses of some synthetic fluoro fatty acids by 
reversed-phase chromatography showed that the 
presence of fluorine made the fatty acids appear in 
the fraction with 3 carbon atoms less than the non- 
fluorinated and saturated fatty acids, i.e. Cy, ran 
with C,,, Cy. with C, (Fig. 2). At this stage, it 
appeared therefore that the fatty acid concerned 
was an acid containing at least 16 carbon atoms, 
and was quite different from fluoroacetic acid, the 
toxic principle of Dichapetalum cymosum. 


0-01 N-KOH (yl.) 





1 
5 4a a pe 100 
55% 60% No. of 2-1 ml. fractions 
Fig. 2. Results of a run of a mixture of 1-05 mg. of 12- 
fluorododecanoic acid and 2-1 mg. of 18-fluorostearic 
acid by reversed-phase chromatography. Stationary 
phase liquid paraffin. Mobile phase starts with 40% 
(v/v) acetone—-water changing to 55 and 60% acetone- 
water at the points indicated. 
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SUMMARY 


1. The main toxic principle in the seeds of 
Dichapetalum toxicarium behaves as a long-chain 
fatty acid containing fluorine. 

2. Upon injection into rats, or administration in 
the food, it induced large citric acid accumulations, 
especially in the heart. The toxicity is therefore due 
presumably to a conversion into fluorocitric acid, 

3. With kidney particles from the guinea pig, 
the fluoro fatty acid fraction induced citric acid 
accumulations. 


We are indebted to Dr F. L. M.. Pattison (London, 
Ontario) for specimens of synthetic w-fluorodecanoic, w. 
fluorododecanoic and w-fluorostearic acids. Fluorine 
analyses were carried out at A.E.R.E., Harwell, by a 
spectrochemical method. 


REFERENCES 


Buffa, P. & Peters, R. A. (1949). J. Physiol. 110, 488, 

Howard, G. A. & Martin, A. J. P. (1950). Biochem. J. 36, 
532. 

Marais, J. 8. C. (1944). Onderstepoort. J. vet. Sci. 20, 67. 

Peters, R. A. (1954). Endeavour, 13, 147. 

Peters, R. A. & Wakelin, R. W. (1957). Biochem. J. 67, 280. 

Peters, R. A., Wakelin, R. W., Birks, F. T., Martin, 
A. J. P. & Webb, J. (1954). Biochem. J. 58, x1. 

Power, F. B. & Tutin, F. (1906). J. Amer. chem. Soc. 28, 
1170. 

Pucher, G. W., Sherman, C. C. & Vickery, H. B. (1936). 
J. biol. Chem. 113, 235. 


Bacterial Degradation of the Nitrobenzoic Acids 


By N. J. CARTWRIGHT anv R. B. CAIN 
Department of Bacteriology, University of Birmingham 


(Received 19 May 1958) 


Recent work on the dissimilation of nitrate by 
micro-organisms and plants suggests that, during 
reduction to the amino level, nitrite is ‘fixed’ as an 
organic nitro derivative (de la Haba, 1950). The 
existence of enzyme systems capable of meta- 
bolizing nitro compounds in liver (Egami & 
Itahishi, 1951), Neurospora crassa (Little, 1951) and 
pea plants (Little, 1957) lends further evidence for 
the possibility that nitro compounds are wide- 
spread functional intermediates in nitrogen meta- 
bolism. In none of the three systems mentioned 
was there prior contact with environmental nitro 
compounds, so that adaptation to these materials 
could not explain the presence of nitro-metabolizing 
enzymes. 

Although nitro compounds, e.g. chloromycetin 
(Ehrlich, Gottlieb, Burkholder, Anderson & 


Pridham, 1948) and £-nitropropionic acid (Bush, 
Touster & Brockman, 1951) are synthesized by 
micro-organisms, the dissimilation of such materials 
by bacteria and fungi to provide the sole source of 
carbon, nitrogen and energy has not been widely 
reported. Simpson & Evans (1953) demonstrated 
the oxidation of nitrophenols to the corresponding 
dihydric phenols by Psewdomonas and the oxidation 
of oximes to keto acids and nitrite has been shown 
to occur (Jensen, 1951; Quastel, Scholefield & 
Stevenson, 1952). Some aspects of the nitrogen 
metabolism of strains of Nocardia utilizing the 
nitrobenzoic acids were described by Cain (1958), 
who found ammonia as the principal nitrogenous 
product. This paper is concerned with the oxid- 
ative metabolism of the nitrobenzoates by some 
strains of Nocardia. 
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EXPERIMENTAL 


Organisms. Nocardia erythropolis, isolated from p- 
nitrobenzoate enrichments and N. opaca from o-nitro- 
benzoate enrichments, were described by Cain (1958). 
Recently, after attempted enrichment for 2 years, a 
number of isolates capable of metabolizing the meta-isomer 
of nitrobenzoic acid were obtained. Examination by 
standard bacteriological procedures showed these to be 
Nocardia species (hereafter referred to as Nocardia M1) 
which grew initially as Gram-positive filaments disinte- 
grating later (3—5 days) into short rod and coccal elements. 
Strains of all species were maintained by subculture upon 
nutrient-agar slopes and in their respective defined media. 
4 Gram-negative rod, Pseudomonas L2, was isolated from 
laboratory air in p-aminobenzoate—mineral salts enrich- 
ment cultures and found to utilize p-aminobenzoic acid as 
sole source of carbon, nitrogen and energy, degrading it via 
phydroxybenzoate and protocatechuate (cf. Durham, 
1956). Dried-cell preparations were prepared either by 
freeze-drying or by slow-drying at 0° in a desiccator. 

Media. The defined medium consisted of (g./1.): KH,PO,, 
0:1; K,HPO,, 0-4; MgSO,,7H,0, 0-01; aromatic substrate, 
10; trace-elements solution 10 ml./l.; pH 7-2-7-4. Where 
a supplementary N-source was required, 0-5g. of 
(NH,),SO,/l. was added. Large amounts of cells were pro- 
duced as described by Cain (1958). 

Adapted cells. Under growth conditions where the 
specific substrate was unstable, adapted cells were produced 
by the ‘exposure technique’ of Silliker & Rittenberg (1951); 
otherwise growth upon media containing the specific sub- 
strate was adopted. Unadapted cells were grown on a 
medium consisting of glucose (2%, w/v) and either 
(NH,),SO, or L-asparagine (0-5 %), with the salts described 
under Media. 

Cell-free extracts. Extracts of the organisms were pre- 
pared either by grinding with alumina (McIlwain, 1948) or 
by ultrasonic disintegration. The latter was effected with a 
chromium-plated brass transforming stub (length 9 cm., 
5A; diam. of the upper half 3-7 em., of the lower 2-0 cm.) 
attached to the transducer head of the 50w Mullard 
Ultrasonic Drill. This probe was immersed in a buffer sus- 
pension of the cells (approx. 30 ml.; 0-1-0-2 g. dry wt./ml., 
but widely variable) in a thick-walled glass tube standing in 
melting ice. At 20kcyc./sec., about 20-30 min. was 
sufficient to give a 90-95% breakage (as determined 
originally by electron microscopy) of a suspension of the 
above consistency. With less dense suspensions, shorter 
times were sufficient. Cell debris was removed by centri- 
fuging at 4000-6000 g for 15 min. and the opalescent super- 
natant, which gave a marked Tyndall effect, was separated 
ifrequired inte soluble and particulate fractions by centri- 
fuging at 100 000g for 30-40 min. in a Spinco Model L 
preparative ultracentrifuge. 

Estimations. Nitrite was estimated by the Griess-— 
llosvay method (Wallace & Neave (1927) with NN- 
dimethyl-x-naphthylamine as the coupling reagent; 
ammonia by nesslerization, after distillation (from alkaline 
solutions in Conway units) from the deproteinized [10% 
(w/v) trichloroacetic acid] supernatants at the end of an 
experiment; hydroxylamine by the method of Zucker & 
Nason (1955). Protein was estimated both by the biuret 
method (Gornall, Bardawill & David, 1949) and by the 
Folin method (Lowry, Rosebrough, Farr & Randall, 1951) 
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with Bovine Albumin, fraction V (The Armour Labora- 
tories) as a protein standard. Because the results of these 
two methods did not exactly agree, a small correction 
factor was applied when estimations on the same protein 
solutions were performed by both methods. Keto acids 
were estimated by the method of Friedmann & Haugen 
(1943); succinic acid was estimated manometrically at 37 

with a succinoxidase preparation from ox-heart muscle 
(Umbreit, Burris & Stauffer, 1949) after destruction of any 
malonic acid by oxidation with 3% (w/v) potassium per- 
manganate in acid solution and subsequent extraction of 
the succinic acid with ether. B-Oxoadipic acid was quali- 
tatively detected by the Rothera reaction (Fearon, 1948) 
and estimated manometrically by catalytic decarboxylation 
at pH 4-0 with 4-aminoantipyrine (Sistrom & Stanier, 1953). 

Manometric procedures. Oxygen uptake and carbon 
dioxide production were followed by the usual manometric 
method with the Warburg respirometer (Umbreit etal. 1949). 
Manometry was especially convenient for rapid estimation 
of protocatechuate with cell-free extracts of N. erythropolis 
or Nocardia M1 or with the partially purified oxidase from 
the former (R. B. Cain, unpublished results). Gas exchanges 
were measured at 30° unless otherwise specified. 

Chromatography. Phenolic compounds were run in one, 
and occasionally two, directions in the following solvent 
systems (all quantities by vol.): (A) butanol-acetic acid— 
water (4:1:5); (B) benzene-acetic acid—water (2:2:1); 
(C) aq. 5% (w/v) sodium formate, containing 0-5% (v/v) 
of 98 % formic acid. The system (D), ethanol—-aq. NH, soln. 
(sp.gr. 0-880)—water (80:4:16) (Long, Quagh & Stedman, 
1951), was used for aliphatic non-volatile acids but was also 
found to be an excellent solvent system for phenolic acidic 
compounds, giving concise, well-separated spots for a large 
number of mono- and di-hydric phenols and aminohydroxy- 
benzoic acids. Keto acids were run as their 2:4-dinitro- 
phenylhydrazones in (EF) tert.-amyl alcohol—-propanol-aq. 
NH, soln. (sp.gr. 0-880) (65:5:30) and in (F) propanol-aq. 
NH, soln. (sp.gr. 0-880)—water (6:3:1). For confirmation of 
identity, aqueous solutions of the dinitrophenylhydrazones 
were reduced with hydrogen and Adams catalyst (platinic 
oxide). When uptake of hydrogen ceased, the catalyst was 
filtered off, and the volume reduced in vacuo and the 
resulting amino acid solution run in «-picoline saturated 
with water, and in ethyl acetate—acetic acid—propan-2-ol- 
water (11:2:1:3) (F. W. Moore, personal communication). 

Phenolic compounds were detected by exposure to 
ultraviolet light, by spraying with aq. 1% (w/v) FeCl, soln. 
or with an alkaline, 1% diazotized solution of I.C.I. 5091 
(4-aminophenyl-2’-diethylaminoethyl sulphone; L. Light 
and Co. Ltd.); aliphatic acids, with a bromothymol blue— 
aq. NH, soln. spray; amino acids, with ninhydrin and 
heating at 90-100° for 5 min.; unsaturated aliphatic com- 
pounds, with a 1 % solution of potassium permanganate in 
water—acetone (50:50, v/v); nitro compounds, by Ehrlich’s 
reagent [1% (w/v) p-dimethylaminobenzaldehyde in 
200 ml. of butanol-ethanol (30:170, v/v)+cone. HCl 
(30 ml.)] after reduction to the amino compound by spray- 
ing with acidic aq. 0-5 % (w/v) SnCl, soln. Whatman no. 542 
paper was used for all except the amino acid runs; for the 
latter, Whatman no. 20 paper was used. 

Buffers. Incubations were carried out in either NagHPO,— 
KH,PO, buffer or in 2-amino-2-hydroxymethylpropane- 
1:3-diol (tris)}-HCl buffer. The proportions of each con- 
stituent were varied according to the pH required, and the 
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molarity of the resulting buffers varied as indicated in the 
text. 

Spectrophotometry. Measurements of ultraviolet-absorp- 
tion spectra were made with a Unicam SP. 500 instrument 
at 5 my intervals, except at the absorption maxima and 
minima where measurements at 2 mp were made. 

Chemicals. All melting points are uncorrected. Most 
compounds used were commercial samples which were 
purified by recrystallization and subsequently shown to be 
chromatographically pure. All reagents were of A.R. grade. 

B-Oxoadipic acid, m.p. 119°, was synthesized essentially 
by the method of Bardhan (1936) but with the use of the 
ethyl rather than the methy] esters, and recrystallized from 
ethyl acetate and light petroleum (b.p. 60-80°). The 2:4- 
dinitrophenylhydrazone of laevulic acid was prepared by 
addition of a saturated solution of 2:4-dinitrophenyl- 
hydrazine in 2N-HCl to an aqueous solution of B-oxoadipic 
acid, and the resulting solution boiled to complete the 
decarboxylation and the precipitate, obtained on cooling, 
was twice recrystallized from ethyl acetate and light 
petroleum (b.p. 60-80°) to give a product with m.p. 200°. 
4-Nitrocatechol was synthesized from guaiacol by methyl- 
ation, nitration of the veratrole produced and subsequent 
demethylation of nitroveratrole with saturated HBr 
solution, sp.gr. 1-7. The product, precipitated by cooling, 
was recrystallized from water containing a little dil. HCl 
and allowed to stand in a desiccator over KOH. The 
material melted at 172—-173°. 3-Nitrocatechol, m.p. 76—-78°, 
was isolated from the products of the nitration of catechol 
(Weselsky & Beredikt, 1882) by continuous extraction 
with benzene in a Soxhlet apparatus, and crystallization of 
the benzene-soluble material from water. 2-Hydroxy-4- 
nitrobenzoic acid (p-nitrosalicylic acid) and the corre- 
sponding o-aminosalicylic acid were synthesized by the 
method of McGhie, Morton, Reynolds & Spence (1949); 
3-hydroxy-4-nitrobenzoic acid by the method of Brenans & 
Prost (1924) and the amino compound by reduction 
methods similar to those used for the 2-hydroxy isomer; 
4-hydroxylaminobenzoic acid, by the method of Bauer & 
Rosenthal (1944). 4-Nitrosobenzoic acid was prepared by 
oxidation of the hydroxylamino compound with excess of 
FeCl,. The nitrosobenzoic acid, after initial precipitation, 
was soluble with difficulty in ethanol and separated from 
hot solutions of this solvent as an amorphous yellow powder. 
This material was dissolved in ethanol containing a small 
quantity of ammonia and applied to a column (1 cm. x 
15 em.) of Whatman cellulose powder, which was developed 
with solvent D. Whereas the original material gave six or 
seven spots in ultraviolet light and with SnCl, and Ehrlich 
sprays when run on paper in the same solvent system, the 
product obtained as a pale-green, single, distinct band from 
the column with about 100 ml. of solvent gave only three 
such spots. This material was applied as a strip to the top of 
sheets of Whatman no. 542 paper and run overnight in 
solvent D. The material corresponding to nitrosobenzoic 
acid, identified by the diphenylamine—-conc. H,SO, test, 
was cut out, eluted by continuous extraction with am- 
moniacal ethanol and precipitated by reducing the volume 
in vacuo and acidifying. p-Nitrosobenzoic acid gave an 
intense crimson colour by the diphenylamine—conc. H,SO, 
test and a pale-green solution with ammonia. Neither 4- 
nitrosobenzoic acid nor 4-hydroxylaminobenzoic acid 
melted up to 300°. Hydroxyquinol (1:2:4-trihydroxy- 


benzene) was synthesized by the method of Vliet (1925). 
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RESULTS 
Oxidation of the nitrobenzoate substrates 


Washed-cell suspensions of the Nocardia isolates 
oxidized their respective substrates without a lag 
and with a Q,, range of 3-5—8-0 for p-nitrobenzoate, 
12-0-18-5 for o-nitrobenzoate and 7-0-11-5 for 
m-nitrobenzoate, the average values being 7:0, 
14:0 and 10-0 respectively. Uptake of oxygen, 
output of carbon dioxide and production of either 
ammonia or nitrite proceeded at constant rate 
until the substrate was exhausted, as determined 
by chromatography, and then fell sharply. The 
optimum pH for the oxidation of the nitrobenzoic 
acids by washed cells was 6-0-6-3. This contrasted 
with the pH for optimum growth, which is appreci- 
ably on the alkaline side of neutrality. Below 
pH 6-8, no growth of any of the isolates occurred on 
defined medium containing nitrobenzoiec acid. This 
behaviour cannot be accounted for by the greater 
permeability of the intact cell to the undissociated 
form of the nitrobenzoate molecules existing at 
lower pH values, for dried preparations in which 
Sleeper, Tsuchida & Stanier (1950) first showed the 
effects of the permeability barrier to be minimal or 
absent, exhibit the same pH optimum. 

The recorded oxygen uptakes and carbon dioxide 
outputs by washed-cell suspensions of all three 
species acting on their substrates were usually 
lower than the theoretical values, although the 
production of ammonia usually approached the 
theoretical value. Such discrepancies are not un- 
common with the oxidase systems of many micro- 
organisms (cf. Hughes, 1955; Jayasuriya, 1955; 
Appleyard & Woods, 1956; Shilo & Stanier, 1957) 
and probably reflect the occurrence of appreciable 
oxidative assimilation (see below). The results of 
some typical experiments are recorded in Table 1. 
Growth on defined media containing o0-nitro- 
benzoate or p-nitrobenzoic acid produces much 
ammonia but only traces of nitrite, whereas with 
m-nitrobenzoic acid, nitrite production predomi- 
nates (Cain, 1958; D. McKenna, unpublished 
results) ; these results are confirmed by the findings 
shown in Table 1 and suggest the occurrence of the 
following reactions: 

C,H,O,N +5}0,-> 7 CO, +NH, + H,O (1) 
for p-nitrobenzoic acid and o-nitrobenzoic acid; 
C,H,0,N +70, 7 CO, + HNO, +2H,O (2) 


for m-nitrobenzoic acid. 


Action of some inhibitors on the oxidation 
of p-nitrobenzoic acid 


The oxidation rate and total oxygen uptake of 
p-nitrobenzoic acid were consistently stimulated by 
0-167 mM -2:4-dinitrophenol (DNP), a well-known 
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Table 1. Stoicheiometry of the oxidation of the nitrobenzoic acids by species of the genus Nocardia 


Each Warburg flask contained: KOH or H,SO,, 0-2 ml.; substrate 1-5 wmoles; 0-1 m-phosphate buffer, pH 7-0, 1-5 ml.; 
washed-cell suspension, 3-0-21-5 mg. dry wt.; inhibitor to concentration shown. p-Nitrobenzoic acid was oxidized by 
N. erythropolis, o-nitrobenzoic acid by N. opaca and m-nitrobenzoic acid by Nocardia M1. (DNP, 2:4-dinitrophenol.) 


Moles/mole of substrate oxidized* 
A 





Expt. - — . 
Substrate no. Inhibitor and conen. 0, co, NH, HNO, 
p-Nitrobenzoic acid 1 _ 3-2 _- 0-91 Nil 
2 — 6-1 6-2 0-68 Nil 
3 mM-Isoniazid 3-5 4-2 1-06 Nil 
4 0-167 mm-DNP 5-5 1-00 Nil 
5 - 4-1 4-7 0-88 Nil 
o-Nitrobenzoic acid 1 3-1 3-7 0-82 Nil 
2 3-4 — 0-73 Nil 
3 3-3 3-6 1-08 Nil 
m-Nitrobenzoic acid 1 4:3 — Nil 0-40 
2 4-2 3-9 Nil 0-47 
3 3-9 4-3 Nil 0-36 
Theoretical values - Reaction (1) 5-5 7-0 1-0 Nil 
= Reaction (2) 7-0 7-0 Nil 1-0 


* Corrected for results obtained in the absence of substrate. 


inhibitor of oxidative phosphorylation. Lardy & 
Wellman (1952) showed that oxidative phosphoryl- 
ation processes may act as the limiting factor in 
respiration. The ‘uncoupling’ of oxidative phos- 
phorylation by DNP is demonstrated not only by 
the inability of the organisms to utilize the energy 
available from catabolic processes (Chance & 
Williams, 1956), but also by the increased respira- 
tion of the DNP-treated cells. The fact that oxygen 
uptake approached the theoretical value only in 
the presence of DNP (0-167 mm) suggests the 
existence of considerable oxidative phosphoryl- 
ation [oxidative ‘assimilation’ as Clifton (1946) 
originally termed it] in N. erythropolis. At concen- 
trations above 0-5 mm, 2:4-dinitrophenol showed 
an increasing inhibitory effect upon the oxidation 
by the isolates of all three isomers of nitrobenzoic 
acid; below 0-05 mm it had no effect. 

Behrman & Stanier (1957) showed that arsenite 
inhibited the complete oxidation of nicotinic acid 
by pseudomonads and led to accumulation of 
pyruvate. At 5 and 10mm, potassium arsenite 
completely inhibited oxidation of p-nitrobenzoic 
acid by N. erythropolis, but at mm, although there 
was no effect on the Qo,, uptake of oxygen ceased 
at 3moles/mole of p-nitrobenzoic acid oxidized, 
and keto acids accumulated in small quantities 
(well below that required for reaction 4). The 
principal keto acid was identified chromatographic- 
ally as pyruvic acid but oxaloacetic acid was also 
found. The presence of these substances was con- 
firmed by the identification of «-alanine, aspartic 
acid and f-alanine (the decarboxylation product of 
aspartic acid) in the reduction products of the 
dinitrophenylhydrazones. 

Sodium malonate (10 mM) also completely in- 
hibited the oxidation of p-nitrobenzoate by N. 


erythropolis. At mM, oxidation occurred but total 
oxygen uptake was reduced to 2 moles/mole of 
substrate oxidized (as required by reaction 3) and 
succinate was detected in the reaction products, 
although the quantities were again lower than 
expected (Table 2). These consistently low results 
probably reflect the existence of alternative 
metabolic pathways which are not blocked by the 
inhibitors tried. 


sodium malonate 
+ 2H,0 +20, "> 


C,H,O,N 
C,H,0, +3CO, +NH, 


succinate 


(3) 


potassium arsenite 
C,H,0,N + H,O +30, —_— ——> 





C,H,0, + 4CO, +NH, 
pyruvate 


(4) 


Taniguchi, Sato & Egami (1956) found that the 
nitrite reductase of a coccus which could tolerate 
high salt concentrations was completely inhibited by 
0-1 mm-hydroxylamine and the hydroxylamine re- 
ductase of thesame organism was also totally inhibited 
by 0-5 mm-sodium nitrite. The effects of nitrite and 
hydroxylamine on the oxidation of some probable 
nitrogen-containing intermediates at these oxidation 
levels were investigated with suspensions of N. eryth- 
ropolis grown on p-nitrobenzoate (Table 3). 

The extensive inhibition by nitrite of the oxid- 
ation of the hydroxylamino compound compares 
with its effect upon hydroxylamine reduction. The 
lack of any inhibition by nitrite of the oxidation of 
p-nitrobenzoate (whereas the hydroxylamino com- 
pound was 90% inhibited) makes it unlikely that 
p-hydroxylaminobenzoate lies on the oxidative 
degradation pathway of p-nitrobenzoate meta- 
bolism; if so, p-nitrobenzoate oxidation would be 
comparably inhibited. 
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Table 2. Oxidation of p-nitrobenzoate by washed cells of Nocardia erythropolis 
in the presence of arsenite and malonate 


Each Warburg flask contained: p-nitrobenzoate, 2-5 umoles; KOH, 0-2 ml.; 0-1m-phosphate buffer, pH 7-2, 1-5 ml, 
cell suspension, 7-2-14-0 mg. dry wt./flask over several experiments; inhibitor, to give a final concentration of mm; water, 
to final vol. 3-0 ml. Reaction was stopped immediately at the cessation of O, uptake by addition of 1 ml. of 10% trichloro. 
acetic acid to the flask, and the contents were centrifuged. Analyses were made on the supernatant. Temp. 30°. 


Expt. no. Inhibitor 


None 
None 
Theory for reaction (1) — 
3 mM-K,As0O, 
mo-K,AsO, 


mno-K,AsO, 


RH OD yO 


Theory for reaction (2) 
6 


o 


mM-Sodium 
mmM-Sodium 


malonate 
7 malonate 


Theory for reaction (3) 


Moles/mole of p-nitrobenzoate oxidized 
eee on 
Pyruvate 
Nil 
Nil 
Nil 
0-1 
0-2 
0-2 
1-0 
Nil 
Nil 
Nil 


© 


Succinate 
Nil 
Nil 
Nil 
Nil 
Nil 
Nil 
Nil 
0-3 
0-4 
1-0 


NH, 
0-88 
1-06 
1-00 
0-95 
1-10 
0-70 
1-00 
1-04 
1-02 
1-00 


2 2 bo BD Gt Go He 
D1 Or Ot 





Table 3. Oxidation of p-nitrobenzoic acid and its reduction products by Nocardia erythropolis 
and the effects of sodium nitrite and hydroxylamine thereon 


Each Warburg flask contained: KOH, 0-2 ml.; 0-1m-phosphate buffer, pH 7-2; 1-2 ml. of substrate, 2 moles; cell 
suspension, 10 mg. dry wt.; inhibitor, to a final concn. mm (where required) ; water, to a final vol. 3-0 ml. Oxygen uptake in 
the inhibition experiments was measured from 30 to 60 min., over which period there was a linear relationship with time. 
Temp. 30°. Gas phase, air. N. erythropolis was grown on p-nitrobenzoate. 


Moles/mole of substrate 


oxidized (in the absence 


si 
Substrate 
p-Nitrobenzoate 
p-Nitrosobenzoate 
p-Hydroxylaminobenzoate 
Theoretical NH, production 
from all substrates 


4- 
3- 
3 


0; 


Inhibition of 
oxidation (%) by 
salinities 
NaNO, 
50* 
55 
90 


of inhibitors) 


A 


—— ea 
NH, 
0-91 
0-72 
1-06 
1-00 


a 

NH,OH 
100 
97 
50 


* Percentage stimulation. 


Oxidation of other aromatic compounds 
by washed suspensions 


Several hydroxyaromatic compounds were found 
to support growth of N. erythropolis and N. opaca 
(Cain, 1958), and the ability of washed suspensions 
of cells of these organisms, grown on p-nitroben- 
zoate and o-nitrobenzoate respectively, to oxidize 
some hydroxyaromatic and other related com- 
pounds was determined (Figs. 1, 2). N. erythropolis 
completely oxidized p-hydroxybenzoate, proto- 
catechuate, 4-nitroso- and 4-hydroxylamino-benzo- 
ate and 4-nitrocatechol rapidly and without a lag. 
Catechol and benzoate exhibited a short lag but 
p-aminobenzoate, 2- and 3-hydroxy-4-nitrobenzo- 
ate and 3-hydroxy-4-aminobenzoate were not 
oxidized. Low rates of oxygen uptake were shown 
by quinol, hydroxyquinol, 2:3-, 2:4-, 2:5- and 3:5- 
dihydroxybenzoate, p-aminosalicylate and m- 
nitrobenzoate. N. opaca immediately oxidized 
o-nitrobenzoate, catechol and 4-nitrocatechol. 
Gentisic acid was oxidized at variable rates. Fig. 2 
records the highest values obtained, but some pre- 


parations of washed cells failed to show activity 
towards this substrate. Anthranilate, protocate- 
chuate and salicylate were only slowly oxidized at 
pH 7:0; 3-hydroxyanthranilate, 3-nitrocatechol 
and several dihydroxybenzoates did not stimulate 
oxygen uptake. Nocardia M1 oxidized only proto- 
catechuate at a high rate. 

The application of the principles of simul- 
taneous adaptation (Stanier, 1947) to these results 
(Fig. 3a-d) showed that whereas p-nitrobenzoate- 
grown cells of N. erythropolis oxidized 4-nitro- 
catechol, p-nitroso-, p-hydroxylamino- and p- 
hydroxy-benzoate and protocatechuate without a 
lag, cells grown on p-hydroxybenzoate oxidized 
this substrate and protocatechuate; but cells 
grown on protocatechuate oxidized only proto- 
catechuate, although adaptation to p-hydroxy- 
benzoate by these cells was extremely rapid. The 
adaptation results would suggest that oxidation 
via p-hydroxybenzoate and protocatechuate was 
occurring with N. erythropolis grown on p-nitro- 
benzoate. This oxidation did not proceed via p- 
aminobenzoate as had at first been suspected, for 
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even after incubation with p-aminobenzoate for 
24 hr. washed cells failed to show any appreciable 
oxidative attack on this substrate (Qo, < 2:0), 
whereas Pseudomonas L2, grown on the defined 
medium + p-aminobenzoate, showed a Qo, of 
18:5 towards p-aminobenzoate. 

The results with washed suspensions of N. opaca 
grown on 0-nitrobenzoate were far less conclusive. 
The rates of oxidation of salicylate and several 
dihydroxy compounds tested were considerably 
lower than that for o-nitrobenzoate itself, although 
no lag periods were observed. This result could 
possibly be ascribed to impermeability of the sub- 
strate. Although catechol was rapidly oxidized and 
could reasonably be considered as a potential inter- 
mediate, it was the only compound tested which 
gave a sigmoid curve (Fig. 2); its participation in a 
degradative pathway was thus suspect. The marked 
difference in activity towards 3- and 4-nitrocate- 
chol shown by N. opaca suggested that the latter 
has some intermediary position. Cells of Nocardia 
M1 grown on m-nitrobenzoate showed an adaptive 
pattern towards protocatechuate similar to that for 
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Fig. 1. Oxidation by washed suspensions of NV. erythropolis 
of some suspected intermediates in degradation of p- 
nitrobenzoate. Each manometer flask contained: KOH, 
0-2 ml.; substrate, 1 ~mole; cell suspension (7-5 mg. dry 
wt.); 0-067 m-phosphate buffer, pH 7-0, 2-0 ml.; water, to 
final vol. 3-0 ml. Gas phase, air. @, p-Hydroxybenzoic 
acid; O, protocatechuic acid; A, catechol; A, p-nitro- 
benzoic acid and 4-nitrocatechol; w, p-nitrosobenzoic 
acid and p-hydroxylaminobenzoic acid; (, quinol, 
hydroxyquinol, 2:4-, 2:5-, 2:6- and 3:5-dihydroxybenzoic 
acid; ©, endogenous (without added substrate), or with 
p-aminobenzoic acid or 3-hydroxy-4-aminobenzoic acid. 
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cells grown on p-nitrobenzoate; m-hydroxybenzo- 
ate was not oxidized by washed cells at pH 7-0, 
although low rates of oxidation were obtained at 
pH 6-0. 


Oxidation by dried-cell preparations 


Suspensions of slow-dried and freeze-dried pre- 
parations of N. erythropolis, grown on p-nitro- 
benzoate, oxidized the same substrates as were 
oxidized by washed cells, although the Qo, Values 
were somewhat lower. Dried preparations of cells 
grown on glucose had no activity, nor did they 
show any adaptive tendency within 5 hr. Adapta- 
tion was not possible in dried cells originally grown 
on glucose medium, the cells being non-viable (cf. 
Sleeper et al. 1950). The presence of the same 
pattern of activity in both intact and dried cells 
grown on p-nitrobenzoic acid, and the demon- 
stration that this could not arise by rapid adapta- 
tion, considerably strengthens the validity of the 
suggestions presented by the results with washed 
cells. 
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Fig. 2. Oxidation by washed suspensions of N. opaca of 
some possible intermediates in the degradation of o-nitro- 
benzoate. Conditions were as for Fig. 1, but the cell sus- 
pension was equivalent to 14-8 mg. dry wt., O, Catechol; 
@, 4-nitrocatechol; A, o-nitrobenzoic acid; A, gentisic 
(2:5-dihydroxybenzoic) acid; [j, anthranilic or proto- 
catechuic acid; (@, salicylic and 2:6-dihydroxybenzoic 
acid; ™, endogenous, or with 2:4- or 3:5-dihydroxy- 
benzoic acid or 3-nitrocatechol. 





254 N. J. CARTWRIGHT AND R. B. CAIN 1950 


Dried preparations of N. opaca, unlike washed 
suspensions, oxidized salicylate at a significant 
rate but were also found to possess the ability to 
oxidize the para- and meta-isomers of hydroxy- 
benzoic acid. Whereas activity towards 4-nitro- 
catechol had diminished somewhat, protocatechuate 
and catechol were rapidly oxidized. Such prepara- 
tions consistently showed a lag before the maximum 
rate of oxygen uptake was achieved with o-nitro- 
benzoate (Fig. 4). 

Nocardia M1 preparations rapidly oxidized m- 
nitrobenzate and protocatechuate with the same 
Qo, and, in contrast with intact cells, also oxidized 
m-hydroxybenzoate. Dried preparations of cells 
of Nocardia M1 grown on glucose were quite in- 
active towards these substrates. 
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Fig. 3. Application of the simultaneous-adaptation tech- 
niques to the oxidation of p-nitrobenzoic acid by N. 
erythropolis. Each Warburg flask contained: KOH, 
0-2 ml.; substrate, 1mole; 0-067mM-phosphate buffer, 
pH 7-0, 15 ml.; cells equivalent to 6-5mg. dry wt. 
standardized turbidimetrically from the 4-day growth 
harvested from the defined medium + the indicated sub- 
strates; water, to final vol. 3-0 ml. Temp. 30°; Gas phase, 
air. (a) Cells grown with p-nitrobenzoate; (b) cells 
exposed to p-aminobenzoate; (c) cells grown with p- 
hydroxybenzoate; (d) cells grown with protocatechuate. 
Cells exposed to p-aminobenzoate were prepared by 
washing and resuspending the growth from a p-nitro- 
benzoate—mineral salts culture in phosphate buffer and 
incubating for 24 hr. with 60 umoles of p-aminobenzoic 
acid at 30°. @, p-Nitrobenzoic acid; O, p-hydroxy- 
benzoic acid; A, protocatechuic acid; ™, p-amino- 
benzoic acid; A, no substrate. 


Intermediary metabolites 


Although the application of simultaneow. 
adaptation methods can give much information on 
the possible routes of dissimilatory mechanisms, 
it is open to the objections of impermeability of the 
cell membranes to polar substrates and of non. 
specificity of the adaptive response. Confirmation 
of the presence of intermediates by chemical means 
is important in formulating a complete pathway. 

4-Nitrocatechol. The oxidation of 4-nitrocatechol 
by preparations of N. erythropolis suggests its 
inclusion on a degradative pathway. Cain (1958) 
showed that ‘catechol substances’ were produced in 
cultures of N. erythropolis growing on p-nitro. 
benzoic acid, the maximum concentration occurring 
about 3-4 days after inoculation. 4-Nitrocatechol 
was isolated from such cultures as described below. 


Three 1 1. cultures, 3 days after inoculation, were centri. 
fuged and the remaining cells removed by Seitz-filtration, 
The filtrate was acidified with conc. HCl and extracted with 
ether [6 x 50 ml. or until the aqueous layer no longer gave 
the Evans (1947) catechol test]. The combined extracts 
were evaporated to dryness, and the residue was taken up in 
boiling water (30-40 ml.) and filtered. The filtrate was 
treated with excess of 20% (w/v) neutral lead acetate and 
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Fig. 4. Activity of dried-cell preparations of N. opaca 
towards some hydroxy compounds. Conditions were as 
for Fig. 2, but with cell suspension equivalent to 10 mg. 
dry wt. and 3ymoles of substrate. All readings are 
corrected for endogenous respiration. @, 0-Nitrobenzoic 
acid; [, catechol; ©, protocatechuic acid; A, 4-nitro- 
catechol; O, p-hydroxybenzoic acid; x, gentisic acid; 
M, salicylic acid; A, 2:4-, 2:6- or 3:5-dihydroxy benzoic 
acid or 3-nitrocatechol. 
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the small precipitate collected by centrifuging. On allow- 
ing to stand overnight at 4°, more precipitate was deposited. 
The combined precipitates were resuspended in 20 ml. of 
water and decomposed with H,S8; the PbS was filtered off, 
washed with hot water and the filtrate and washings were 
acidified with HCl and ether-extracted. The very small 
residue (<5 mg.), after removal of the ether, was taken up 
in ethyl acetate and crystallized by addition of light 
petroleum (b.p. 60-80°), giving a slightly impure product, 
m.p. 167° not depressed on admixture with authentic 4- 
nitrocatechol. Chromatography of the natural product, its 
mixture with 4-nitrocatechol and authentic 4-nitrocatechol 
in solvent systems A, B and C respectively gave, in each 
solvent system, three single spots of identical Ry, value. The 
ethanolic solution of the natural product also gave an 
intense-green with FeCl, and a deep-red with NaOH solu- 
tion, both reactions typical of 4-nitrocatechol. 


Monohydroxybenzoic acids. Initially, evidence 
for the production of p-hydroxybenzoate in cultures 
or in solutions of p-nitrobenzoic acid incubated 
with washed suspensions of N. erythropolis was not 
forthcoming, although the simultaneous-adaptation 
results strongly suggested that p-hydroxybenzoate 
was an intermediate. Systematic chromatographic 
examination of the acidic ether-extractable com- 
pounds produced by N. erythropolis growing on 
p-nitrobenzoic acid, by daily aseptic removal of 
21. from a 25 1. culture, indicated the presence of a 
phenolic material with R, identical with that of p- 
hydroxybenzoic acid in solvent systems A, D and 
F, This appeared after 1 day’s incubation, reached 
its highest concentration at 3 days and had dis- 
appeared by the sixth day in vigorously aerated 
cultures (approx. 101. of air/min.). Under condi- 
tions of more restricted aeration (1-2 1./min.), 
where growth was much slower, this phenol was 
present in quite large amounts at 3-6 days, there- 
after slowly disappearing. The eluates of unsprayed 
areas of paper chromatograms corresponding to 
the position of p-hydroxybenzoic acid gave an 
ultraviolet spectrum characteristic of this com- 
pound (light-absorption max., 245-247myp in 
0:1mM-phosphate buffer, pH 7-4, changing to 253- 
255 my on addition of HCl to pH 1-0). Growing 
cultures of Nocardia M1 accumulated sufficient 
m-hydroxybenzoate for this compound to be 
chromatographically detected from quite small 
volumes of supernatant. This material was isolated 
in small yield (10 mg.) from 81. of culture fluid 
after 5 days’ growth. The natural product, m.p. 
200°, gave no melting-point depression on ad- 
mixture with authentic m-hydroxybenzoic acid, 
m.p. 201°. 

Incubation of suspensions of freeze-dried cells of 
N. erythropolis and Nocardia M1 with p-nitro- 
benzoate and m-nitrobenzoate respectively has 
demonstrated the production of the para- and 
meta-isomers of hydroxybenzoic acid within 6 hr., 
although with the para-isomer other hydroxy 
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compounds were also present. The accumulation of 
p-hydroxybenzoate was favoured by incubation in 
tris buffer; in phosphate buffers, little or no hydr- 
oxybenzoate was found. 

No indication of salicylate has been found in 
growing cultures or in freeze-dried cells of N. opaca 
incubated with o-nitrobenzoate. 


Conversion of p-nitrobenzoate, p-hydroxybenzoate 
and m-hydroxybenzoate into protocatechuate 


Although both p-hydroxybenzoate and proto- 
catechuate are oxidized by cells of N. erythropolis 
grown on p-nitrobenzoate, protocatechuate was 
never detected in growing cultures. The relative 
rates of oxidation of the hydroxy compounds and 
p-nitrobenzoate given by manometric experiments 
suggested that it was unlikely the former would 
ever accumulate under conditions of good aeration ; 
as Fig. 1 shows, the oxidation of p-nitrobenzoate 
itself is the rate-controlling step. Nevertheless, the 
fact that dried cells grown on p-nitrobenzoate 
contain enzyme systems active towards both p- 
hydroxybenzoate and protocatechuate and the 
fact that p-hydroxybenzoate is usually oxidized 
via the dihydroxy compound by Pseudomonas 
(Sleeper & Stanier, 1950) and Vibrio O1 (Evans, 
Smith, Linstead & Elvidge, 1951) invited closer 
inspection of this stage. 

The Qo, of p-nitrobenzoic acid-grown cells with 
p-nitrobenzoate, p-hydroxybenzoate and _ proto- 
catechuate was found to be much lower in tris 
buffer than in phosphate buffer, although the 
oxidation still went to completion. Under these 
conditions and with inadequate aeration, there is 
a greater possibility of hydroxylated intermediates 
accumulating. Table 4 shows the results obtained 
with stationary and agitated suspensions of freeze- 
dried cells of N. erythropolis incubated with p- 
nitrobenzoate and p-hydroxybenzoate. Proto- 
catechuate was also detected in a similar manner by 
ether-extraction of larger volumes (400-500 ml.) of 
the supernatant solution from similar suspensions 
incubated with p-hydroxybenzoate in phosphate 
buffer. 


The experiment illustrated in Table 4 was repeated on a 
large scale and the formation of protocatechuic acid was 
confirmed by its isolation. p-Nitrobenzoic acid (2 m-moles) 
and 2g. of freeze-dried preparation of N. erythropolis in 
500 ml. of 0-05-tris buffer, pH 7-2, were incubated with- 
out agitation at 22-25° for 24-30 hr. At this time, samples 
of the supernatant gave a pronounced green with FeCl, ; the 
cells were removed by centrifuging and the supernatant 
was acidified and continuously extracted with ether for 
10 hr. Subsequent treatment was the same as that for 4- 
nitrocatechol. The isolated material, recrystallized from 
water, had m.p. 194° and gave no depression on admixture 
with authentic protocatechuic acid, m.p. 194°. Its ultra- 
violet spectrum and its chromatographic behaviour in three 
solvent systems were identical with those of the authentic 
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material; it was also oxidized by a partially purified proto- rapidly oxidized protocatechuate. Whereas the 
catechuic acid oxidase from extracts of N. erythropolis, with oxidation went essentially to completion with 
the theoretical uptake of oxygen in manometric experi- washed suspensions, freeze-dried cells took up only 
ments. A control experiment with a boiled cell preparation 2 atoms of oyxgen/mole of protocatechuate oni 
gore no eretonstagunete. Pretosstochate one, aonee — dized, with the concomitant release of 1 mole of 
be isolated in considerable quantities from cultures of NV. ae ; . 
erythropolis growing on the defined medium +(NH,),SO, carbon dioxide and the accumulat — of a material 
with 0-1% of p-hydroxybenzoate as the sole source of S8!VING a positive Rothera reaction, which was 
carbon. From a 3-day-old 4 1. culture, 0-45 g. was isolated, identified as B-oxoadipic acid. The stoicheiometry 
representing 10% of the theoretical yield. of these reactions is given in Table 5. 
ee . : : The supernatant at the termination of a proto- 
Similar experiments with m-nitrobenzoate and catechuate oxidation experiment in a Warburg 
m-hydroxy benzoate have also demonstrated the flask was treated with 2ml. of saturated 2:4. 
conversion of these substrates into protocatechuate dinitrophenylhydrazine in hydrochloric acid and 
by dried preparations of Nocardia M1. boiled. The hydrazone was extracted with ether, 
4 , : piel : sodium bicarbonate and, after acidifying, by 
Oxidation of protocatechuic acid chloroform (Isherwood & Cruickshank, 1954) and 
Freeze-dried cells. Freeze-dried preparations of chromatographed with authentic laevulic 2:4. 
both N. erythropolis and Nocardia M1, grown on dinitrophenylhydrazone. Both the natural product 
p-nitrobenzoate and m-nitrobenzoate respectively, and the marker gave identical R, values. 


Table 4. Production of protocatechuate by preparation of Nocardia erythropolis and Nocardia M 1 


Each 500 ml. Erlenmeyer flask contained: p-nitrobenzoic acid, p-hydroxybenzoic acid, m-nitrobenzoic acid or m- 
hydroxybenzoic acid, 100 zmoles; 0-05M-tris buffer, pH 7-2, 100 ml.; freeze-dried cell preparation, 100 mg. The control 
flasks contained a boiled cell preparation. Agitated incubations were made by vigorous shaking on a Microid flask shaker. 
Anaerobic incubations were performed in sealed vessels, evacuated and flushed with N, (O,-free). Room temperature 
(22+2°). Nocardia M1 had been grown on m-nitrobenzoic acid, N. erythropolis on p-nitrobenzoic acid. At given times, 
25 ml. samples were withdrawn, acidified and extracted with ether. The residue, after removal of ether, was taken up in 
1 ml. of ethanol and equal volumes (0-2 ml.) were spotted on to sheets of Whatman no. 542 paper, together with the 
authentic markers. Replicate sheets were run in each of the butan-1l-ol, ethanol and benzene solvents, and sprayed with 
either FeCl, or 1.C.1. 5091. Visual estimation was made of the intensities of the spots; these are designated: 0, +, +, ++, 
+++, ete.; . =not recorded. 


Protocatechuate produced 


— meat 


Agitated 





Anaerobic Stationary ‘ — 
Substrate 16 hr. 16 hr. 4 hr. 12 hr. 


p-Nitrobenzoic acid 
p-Hydroxybenzoic acid 
p-Hydroxybenzoic acid 
(phosphate buffer) 
m-Nitrobenzoic acid 
m-Hydroxybenzoic acid 





Table 5. Oxidation of protocatechuate by Nocardia erythropolis 


Each Warburg flask contained: 0-2 ml. of KOH or H,SO,; substrate, 2-6 wmoles; freeze-dried cell preparation, 10 mg. 
dry wt.; 0-1m-phosphate buffer, pH 7-0, 1-5 ml.; water, to final vol. 3-0 ml. At the termination of oxidation, flasks were 
removed, KOH was swabbed out and the contents of the main compartment were made acid, pH 4-0, by the addition of 
0-1 ml. of acetic acid; 0-1 M-4-aminoantipyrine, 0-4 ml., was added to the side arm; the flasks were then re-equilibrated and 
the contents of side arm and main compartment mixed. Shaking was continued until gas evolution had ceased. Temp. 30°. 
N. erythropolis had been grown on p-nitrobenzoic acid. Essentially the same results were obtained with Nocardia M1 
preparations. 

Proto- Substance evolved or consumed 
catechuate (yl.) Moles/mole of protocatechuate oxidized 
supplied — — ; e 
(umoles) 0, co, B-Oxoadipate B-Oxoadipate 
2-0 46 _ 40 “02 0-89 
2-5 55 56 51 D 0-91 
5-0 110 114 106 ! 03 0-95 
6-0 133 124 . } 0-94 
Theory — — : . 1-00 
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Table 6. Oxidation of protocatechuic acid by a desiccator-dried preparation of Nocardia erythropolis 
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Each Warburg flask contained: KOH, 0-2 ml.; protocatechuic acid, 2-5umoles; 0-067mM-phosphate buffer, pH 7-0, 
15 ml.; cell preparation, 7-5 mg. dry wt.; inhibitor (when required) to a final concn. of mm; water to total vol. 3-0 ml. 
Temp. 30°. When O, uptake had ceased, the contents of each main compartment were deproteinized with 1 ml. of 10% 
trichloroacetic acid and continuously ether-extracted for 5 hr. The ether layer was evaporated almost to dryness, a little 
water added and the remaining ether boiled off. The aqueous layer was made up to 1-0 ml. and succinic acid estimated with 


an ox-heart preparation (see Experimental). 


Expt. no. Inhibitor 


1 bel 
mM-Sodium malonate 


2 a 


mM-Sodium malonate 


Theory for succinate production (reaction 5) 
Theory for fumarate production (reaction 6) 
Theory for oxaloacetate production (reaction 7) 


Table 7. Significance of the oxidative pathway from 
protocatechuate to B-oxoadipate in Nocardia 
erythropolis 


Each Warburg flask contained: KOH, 0-2 ml.; sodium 
protocatechuate, 2 or 10 zmoles; 0-067 M-phosphate buffer, 
15 ml.; washed cells (suitably diluted) or extract derived 
from original suspension, 9-5 ml. (equivalent to 10-4 mg. 
dry wt. of cells and 6-8 mg. of protein in the extract); 
water to 3-0 ml. Temp. 30°; gas phase, air. The difference 
of the ratio (3) between A and B is within the limits of 
experimental error of the manometric technique. Since 
cell-free extracts of N. erythropolis oxidize protocatechuate 
exclusively to B-oxoadipate and the ratio of (2)/(1) is the 
same for both intact cells and extract, the results indicate 
that protocatechuic acid oxidation in intact cells of N. 
erythropolis proceeds entirely by way of B-oxoadipic acid, 
without the participation of other routes. 

Washed cells Extract 
(A) (B) 

Total uptake of O, for complete 156 45 

oxidation of 2 zmoles of sodium 

protocatechuate (,l.) 

1. Therefore uptake of O,/ymole 78 22-5 
of substrate oxidized (,l.) 

2. Rate of uptake of O, (l./hr.) 
in the presence of excess of 
substrate (10 wmoles) 

3. Ratio of (2)/(1) 


174 50 


2-24 2-22 


The identity of the Rothera-positive material with 
B-oxoadipic acid was confirmed by a large-scale experi- 
ment. Protocatechuic acid (1 m-mole) was incubated with 
300 mg. of freeze-dried cells of N. erythropolis in 300 ml. of 
0:1m-phosphate buffer, pH 7-2, at 30°. At the end of the 
oxidation, as determined by a pilot experiment in a 
Warburg flask, half of the supernatant, freed from cell 
suspension, was acidiiied with HCl, shaken with excess of 
24-dinitrophenylhydrazine and heated to complete the 
decarboxylation. The hydrazone was extracted as before, 
and the CHCl, distilled off and the residue recrystallized 
fom an ethyl acetate-light petroleum (b.p. 40-60°) 
mixture. The natural derivative, m.p. 197°, gave no 
melting-point depression on admixture with authentic 
levulic dinitrophenylhydrazone (m.p. 200°). The remain- 


17 


Moles/mole of protocatechuate 


a . 


Uptake Succinate 
of O, production 


1-94 0 
1-02 1-00 
1-91 0 
1-20 0-95 
1-00 1-00 
1-50 0 
2-00 0 


ing supernatant was evaporated to a small volume under 
reduced pressure and exhaustively extracted with ether by 
shaking (to avoid heating and subsequent decarboxylation) ; 
the ether layer was distilled off at low pressure and the 
residue recrystallized from ethyl acetate and light petro- 
leum. It had m.p. 117° and did not depress that of authentic 
B-oxoadipic acid, m.p. 119°, on admixture. 


Desiccator-dried cells. Preparations of N. eryth- 
ropolis dried in a desiccator showed uptakes of 
oxygen which varied between 1 and 2 moles/mole 
of protocatechuate oxidized. The uptake of 
oxygen was usually nearer 2 moles/mole of proto- 
catechuate, and under these circumstances the 
Rothera test on the supernatant at the end of the 
reaction was either negative or very weak. Kilby 
(1951) and Katagiri & Hayaishi (1957) showed that 
B-oxoadipic acid was further metabolized to 
succinate; assuming that oxidation was proceeding 
through f-oxoadipate in this organism, succinate 
and other terminal oxidation products should 
result. One particular batch of desiccator-dried 
cells consumed exactly 2 moles of oxygen/mole of 
protocatechuate and was tested for succinate pro- 
duction by inhibition with malonate. Under these 
conditions, succinate accumulated and estimation 
of succinate, after malonate had been destroyed, 
gave the theoretical value (Table 6). Chromato- 
graphy of the supernatants from the experiments 
where malonate had been present showed the 
presence of succinate only, whereas in the absence 
of the inhibitor small quantities of fumarate and 
malate were identified. No oxaloacetic acid, which 
is required as the product of reaction (7), was 
found. With most batches of desiccator-dried cells, 
however, the quantitative data were less definite. 

C,H,0, + 2H,0 + 0, > C,H,O, + CH;*CO,H+CO, (5) 
succinate 

C,H, 0, + H,0 +140, -> C,H,O,+CH,*CO,H+CO, (6) 

fumarate 
C,H, 0, +H,0 +20, -> C,H,0, +CH,*CO,H+CO, (7) 
oxaloacetate 
Bioch. 1959, 71 
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Cell-free extracts. Extracts of Nocardia M1 and 
N. erythropolis (grown on m-nitrobenzoic acid and 
p-nitrobenzoic acid respectively) prepared by 
ultrasonic disintegration or by grinding with 
alumina, oxidized protocatechuate to B-oxoadipate 
with the same stoicheiometry as freeze-dried cells. 
Table 7 shows the degree of protocatechuate oxid- 
ation by washed cells of N. erythropolis via B- 
oxoadipic acid. Extracts of N. opaca prepared in 
phosphate or tris buffers also oxidized protocate- 
chuate to B-oxoadipic acid, but were inactive 
towards both catechol and gentisic acid, even in the 
presence of Fe*+ ions or other bivalent metal ions 
or glutathione. This pattern of activity was demon- 
strated for several batches of cells grown on o- 
nitrobenzoic acid. Unexpectedly, and in marked 
contrast to the results with N. erythropolis, proto- 
eatechuic acid oxidase activity was also shown by 
extracts of N. opaca grown on the glucose +am- 
monium sulphate medium from an inoculum which 
had been carried on nutrient-agar slopes for at least 
6 months. 

Stanier (1950), using water extracts of dried cells 
of Pseudomonas fluorescens grown on p-hydroxy- 
benzoate, found that these extracts oxidized pro- 
catechuate to B-oxoadipate (see Fig. 5) with an 
R.Q. of 1-0, but on ageing or dialysis against water 


4-Nitrocatechol 
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the enzymes catalysing loss of carbon dioxide were 
destroyed and the R.q. fell to 0-09. This contrasted 
with an extract of Neurospora mycelium where 
prolonged dialysis had no effect on the decarboxyl- 
ase activity (Gross, Gafford & Tatum, 1956). 

All the protocatechuic acid oxidase activity of 
N. erythropolis was in the soluble-protein fraction 
after ultracentrifuging. Freshly prepared extracts 
had an R.Q. of 1-0 but dialysis against distilled 
water for 40 hr. at 4° reduced the R.q. to 0-6. After 
dialysis for 5 days, the r.q. had fallen further to 
0-55 only, which suggests that the stability of the 
decarboxylase-enzyme complex of N. erythropolis 
is appreciably greater than that recorded for 
Pseudomonas, but resembles that of Neurospora. 
Oxidase and decarboxylase activities of N. eryth- 
ropolis could be completely separated by am- 
monium sulphate fractionation, all the oxidase 
activity lying in the fraction precipitated between 
0-33 and 0-45 saturation, and the decarboxylase 
activity in that between 0-5 and 1-0 saturation. The 
end product of the action of the oxidase on proto- 
catechuate was B-carboxymuconic acid, which was 
isolated as the sodium salt from a large-scale 
oxidation with a partially purified oxidase, essenti- 
ally by the method of McDonald, Stanier & 
Ingraham (1954), and gave spectral and chromato- 
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Fig. 5. Metabolic pathways of degradation of nitrobenzoate by species of the genus Nocardia. 
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graphic characteristics identical with those of 
authentic specimens kindly provided by Dr R. Y. 
Stanier and Dr 8. Gross. No activity towards 
protocatechuate was found in extracts of either 
Nocardia M1 or N. erythropolis after growth on a 
glucose medium. 


DISCUSSION 


The utilization of nitro nitrogen as the sole source 
of this element is rare even among micro-organisms, 
but it is interesting to observe that the results 
obtained here for the isomers of nitrobenzoic acid 
indicate that the nitrogen appears in forms which 
in nature are more common, namely ammonia and 
nitrite. Although Simpson & Evans (1953) and 
Gundersen & Jensen (1956) found that nitrite was 
produced from nitrophenols by bacteria, Nocardia 
M1 is unusual among the Nocardia spp. studied 
here in being the only organism isolated which 
liberated nitrobenzoate nitrogen as nitrite. With 
washed cells of N. opaca and N. erythropolis, 
ammonia was the sole product. The appearance of 
trace amounts of nitrite in growing cultures of N. 
erythropolis and N. opaca (Cain, 1958) could be 
explained by the further oxidation of metabolically 
produced ammonia to nitrite, although the 
presence of hydroxylamine has never been con- 
vincingly demonstrated. 

An alternative explanation is that the nitro- 
genous product of all the nitrobenzoates is nitrite 
but that Nocardia M1 is unique among the isolates 
in that it does not possess a nitrite-reductase 
system yielding ammonia. The fact that N. 
erythropolis, grown on p-nitrobenzoate (but not on 
a glucose-ammonium sulphate medium), does in- 
deed possess nitrite-reductase and hydroxylamine- 
reductase systems, whereas these activities are 
absent in Nocardia M1 (R. B. Cain, unpublished 
results) and the observation that nitrite stimulated 
the ‘p-nitrobenzoate-oxidase’ complex in N. 
erythropolis, suggest that this explanation is more 
likely. Absolute confirmation can be obtained only 
by following nitrite accumulation from p-nitro- 
benzoate in the presence of inhibitors of the nitrite 
reductase; this has not yet been achieved without 
arresting the oxidation of p-nitrobenzoate itself. 
Although no specific investigations have been 
carried out with N. opaca, the observation that 
ammonia is the nitrogenous end product of the 
oxidation of o-nitrobenzoate suggests that a nitrite 
reductase is present in this organism. The complete 
inhibition of the oxidation of all the nitrobenzoates 
by hydroxylamine does not detract from the 
general hypothesis, for at lower concentrations 
than that used in these experiments (mmo) hydroxy]l- 
amine is a powerful inhibitor of many systems, 
including the nitrite reductase of a coccus (Tani- 
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guchi et al. 1956). The major objections to the 
hypothesis are provided by the facts that the 
oxygen uptake of p-nitrobenzoate, even in the 
presence of dinitrophenol, never exceeded 54 moles 
of oxygen/mole of p-nitrobenzoate and that neither 
nitrite nor hydroxylamine has ever been detected 
either during or at the end of an oxidation with 
washed cells. Nevertheless, the appearance of 
nitrogen at the amino level in the ortho- and para- 
isomers followed by the incorporation of the free 
ammonia (Cain, 1958) makes these Nocardia 
species independent of other exogenous sources of 
nitrogen and provides a means whereby the toxic 
nitro group can be rendered biologically inert. 

The immediate oxidation, at approximately the 
same rates, of p-nitroso- and hydroxylamino- 
benzoic acid and the similar ammonia production 
per mole of substrate oxidized, suggested the 
possibility that these compounds might be the 
immediate degradation products of p-nitrobenzoate. 
Nitrite (mm) strongly inhibits the oxidation of 
these materials, in contrast with its stimulatory 
effect upon p-nitrobenzoate oxidation by washed 
cells, and no evidence for the production of p- 
hydroxybenzoate from either p-nitroso- or p- 
hydroxylamino-benzoate has so far been found ; any 
suggestion of their intermediary position on the 
oxidative pathway is thus tentative. 

This is apparently the first time that a proto- 
catechuic acid oxidase has been found in members 
of the genus Nocardia, or has been induced by 
growth upon an aromatic nitro compound. That 
such nitro compounds are oxidized by way of 
hydroxylated intermediates now seems to be well- 
founded, both for nitrobenzoates and nitrophenols 
(Simpson & Evans, 1953), and attention should be 
drawn to the fact that the oxidative pathways for 
the hydroxy derivatives resemble those found in 
Pseudomonas (Sleeper & Stanier, 1950; Dagley & 
Patel, 1957), Vibrio O1 (Evans, 1947), Neurospora 
(Gross et al. 1956), Hormodendrum and Penicillium 
(Henderson, 1957) in which hydroxylation in the 
ortho-position to an existing hydroxyl group 
precedes ring cleavage. Furthermore, the primary 
products of ring opening are similar to those of 
Pseudomonas (McDonald eé al. 1954). On the basis 
of our results, the scheme for oxidative metabolism 
of the nitrobenzoates shown in Fig. 5 is suggested. 

Because of the present conflicting evidence, a 
pathway for the ortho-isomer cannot yet be formu- 
lated. The finding that protocatechuic acid oxidase 
activity exists in cells of N. opaca grown on glucose 
shows that the activity is not stimulated specifically 
by growth of the cells on o-nitrobenzoate, although 
this appears to be true for both the para- and meta- 
isomers. The presence of this enzyme in glucose- 
grown cells suggests that protocatechuate may be 
an end product of some metabolic reaction normally 
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occurring in N. opaca. The alternative explana- 
tion, that the enzyme is induced by compounds 
produced during glucose metabolism which structur- 
ally resemble protocatechuate, is less likely in view 
of the extreme specificity of protocatechuic acid 
oxidase (Stanier & Ingraham, 1954). Gross et al. 
(1956) obtained comparable results when they 
found f-carboxymuconic acid-lactonizing and 


-delactonizing activity in glucose-grown cells of 


Neurospora. Although these results do not in- 
validate the possibility of the oxidation of o- 
nitrobenzoate to protocatechuate, the latter has 
not, as yet, been conclusively demonstrated as an 
intermediate in the degradation of o-nitrobenzoate. 

4-Nitrocatechol is a new bacterial metabolic 
product, although Robinson, Smith & Williams 
(1951) found that 0-5% of nitrobenzene admin- 
istered to rabbits appeared as 4-nitrocatechol. The 
production of 4-nitrocatechol from p-nitrobenzoic 
acid by N. erythropolis is analogous to the oxidation 
of benzoic acid via catechol by Vibrio O1 (Evans, 
1947). Such catechols have been considered to 
arise by dehydrogenation from the corresponding 
diols, which are produced by ‘perhydroxylation’ 
of the ring (Stanier, 1948; Boyland, 1950), and are 
usually further degraded by dehydrogenation to 
the corresponding quinone (Evans, 1947; Nelson & 
Dawson, 1944). Marked dehydrogenase activity 
towards 4-nitrocatechol, demonstrated by the 
usual Thunberg techniques, has indeed been 


observed with washed suspensions of N. erythropolis 


grown on p-nitrobenzoate. The isolation of a nitro- 
quinone, however, is likely to prove somewhat 
difficult in view of the reactivity of the molecule, 
although the production of intense reddish-brown 
coloration in media containing p- and o-nitro- 
benzoate during growth makes this a not unlikely 
intermediate product, which would undergo con- 
densations similar to those involved in melanin 
formation. 


SUMMARY 


1. Nocardia erythropolis and N. opaca oxidize 
p-nitrobenzoate and o-nitrobenzoate respectively 
to carbon dioxide and ammonia; Nocardia M1 
produces nitrite but no ammonia from the meta- 
isomer. The effects of some inhibitors on these 
oxidations are described. 

2. Nocardia erythropolis and Nocardia M1 
convert their respective nitrobenzoate substrate 
into the corresponding hydroxy compound and 
thence to protocatechuate. N. erythropolis also 
produces 4-nitrocatechol from p-nitrobenzoate. 

3. Nocardia erythropolis and Nocardia M1 grown 
upon p- and m-nitrobenzoate respectively, but not 
upon glucose or nutrient broth, possess the enzyme 
systems for the oxidation of protocatechuate. 
Freeze-dried cells and crude extracts convert proto- 
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catechuate quantitatively into B-oxoadipic acid, 
Certain desiccator-dried preparations oxidize this 
keto acid, the more active ones finally yielding 
succinate. 

4. All the protocatechuic acid oxidase activity is 
in the soluble-protein fraction of crude extracts and 
can be separated from decarboxylase activity by 
fractionation with ammonium sulphate, the oxidase 
activity lying in the fraction precipitating between 
0-33 and 0-45 saturation. The end product of 
partially purified oxidase is B-carboxymuconic acid. 

5. Dried cells of N. opaca oxidize o-nitrobenzoate 
catechol and protocatechuate rapidly. 

6. The possible explanations for the differences 
in nitrogenous end products are discussed and 
attention is drawn to the analogous reactions per- 
formed by Nocardia spp. grown on the nitrobenzo- 
ates and by other micro-organisms grown on a 
variety of ring compounds. 
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AND LOW-MOLECULAR-WEIGHT GLYCOSIDES 
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Enzymes which destroy the serological activity of 
the water-soluble blood-group substances have been 
isolated from many sources (see Kabat, 1956). In 
those instances where chemical studies have been 
made the loss of serological specificity was accom- 
panied by the liberation of reducing sugars, indi- 
cating that the enzymes are breaking down the 
carbohydrate portion of the mucopolysaccharide 
molecules. Thus enzyme preparations from snail 
(Busycon)-liver extract liberate methylpentose and 
N-acetylhexosamine from hog A-substance (Howe 
& Kabat, 1953) and preparations from Clostridium 
welehit set free fucose, N-acetylhexosamine and 
galactose from hog and human H-substances 
(rumpton & Morgan, 1953; Buchanan, Crumpton 
& Morgan, 1957). Gyérgy, Rose & Springer (1954) 
similarly showed that an enzyme preparation from 
Lactobacillus bifidus var. Penn. liberates fucose, 
N-acetylhexosamine and galactose from blood- 
group substances prepared from ovarian cysts and 


meconium of all A, B, O blood groups. An inter- 
pretation of the changes in the structure of the 
blood-group mucopolysaccharides brought about 
by these enzymes is rendered difficult by the extent 
of disruption of the molecules and the similarity of 
the enzymic hydrolysis products irrespective of the 
blood group of the individual from whom the 
starting material was derived. It would appear 
that the enzyme preparations contain a mixture of 
enzymes: hexosaminidases, fucosidases, galacto- 
sidases and possibly peptidases, which bring about 
further breakdown of the molecule after the initial 
change, which leads to loss of specificity, has 
occurred. The presence of N-acetyl-x- and -f- 
glucosaminidases in the snail-liver preparations 
used by Howe & Kabat (1953) has been demon- 
strated and the preparations from L. bifidus var. 
Penn. were known to contain an N-acetyl-f-glu- 
cosaminidase and a -galactosidase (Gyérgy et al. 
1954), but in no instance was the specificity of the 
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enzymes which destroy the serological activity of 
the blood-group substances directly determined. 
In an attempt to find a different source of 
enzyme which would decompose the specific water- 
soluble blood-group materials, saline extracts of 
living cultures of certain protozoa were examined 
(Watkins, 1953) and it was found that extracts of 
the flagellate Trichomonas foetus rapidly destroyed 
the serological activity of the human A-, B-, H-, Le*- 
and Le®-substances. The results of enzyme-inhibi- 
tion tests with simple sugars, taken in conjunction 
with the results of agglutination-inhibition experi- 
ments, led to the suggestion (Watkins & Morgan, 
1955a) that the enzymes in T. foetus extracts 
responsible for the loss of A, B and H serological 
activity are respectively an N-acetylgalactosamin- 
idase, a galactosidase and a fucosidase. Direct 
confirmation of these specificities must wait until 
enzyme preparations have been obtained of such 
a degree of purity that the only chemical changes 
induced by them in the blood-group molecules are 
those which result from the loss of serological 
specificity. Purification procedures on the 7’. foetus 
enzymes are now being investigated with this aim 
in view. The results described in the present paper 
on the occurrence and properties, in cell-free 
extracts from 7’. foetus, of the enzymes which act on 
the blood-group substances and of enzymes which 
hydrolyse low-molecular-weight substrates known 
to contain galactosyl, N-acetylhexosaminoyl and 
fucosyl structures are intended as a basis for these 


attempts to separate and purify the enzymes. 


MATERIALS 


All melting points recorded are uncorrected. 

Organism culture. Cultures of T'. foetus var. Belfast were 
kindly supplied by Dr Muriel Robertson, F.R.S. The 
organisms were grown in pure culture for 48 hr. at 37° in 
11. quantities in a glucose-serum broth medium (Kerr & 
Robertson, 1947). The organisms reached a density of about 
5 x 108 cells/ml. 

Specific blood-group substances. A-, B-, H-, and Le*- 
substances isolated from ovarian-cyst fluids by methods 
described previously (Aminoff, Morgan & Watkins, 1950; 
Annison & Morgan, 1952a,b; Gibbons & Morgan, 1954; 
Gibbons, Morgan & Gibbons, 1955) were kindly supplied by 
Professor W. T. J. Morgan, F.R.S. 

o-Nitrophenyl «- and B-p-galactosides. The «-compound, 
prepared by Dr W. R. C. Crimmin according to the method 
described by Porter, Holmes & Crocker (1953), had m.p. 
145° (literature, m.p. 145-147°). The B-compound was a 
commercial preparation obtained from L. Light and Co. Ltd. 

p-Nitrophenyl N-acetyl-B-p-glucosaminide. This was pre- 
pared by Dr W. R. C. Crimmin according to the method of 
Westphal & Schmidt (1952). It had m.p. 214° (lit.,m.p. 214°). 

p-Nitrophenyl N-acetyl-B-p-galactosaminide. This was 
supplied by Dr H. Feier and had m.p. 220-222°, [a], —35-4° 
in pyridine. The compound had been prepared by the 
method described for the f-glucosaminide (Westphal & 
Schmidt, 1952). . 
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p-Nitrophenyl «-L-rhamnoside and p-nitrophenyl a-p. 
mannoside. These were kindly supplied by Dr Feier and had 
been prepared by the methods described by Westphal & 
Feier (1956). 

Methyl N-acetyl-«- and -B-p-glucosaminides. These were 
prepared by Dr W. R. C. Crimmin as by Zilliken, Rose, 
Braun & Gyérgy (19556). The «-compound had m.p. 188- 
190°, [a]p + 127° in water (lit., m.p. 188°, [a]p + 131-5°) and 
the B-compound had m.p. 191—193°, [ap]-—41° in water 
(lit., m.p. 204°, [a]p — 443°). 

Methyl N-acetyl-a-galactosaminide. This was prepared by 
Dr W. R. C. Crimmin as by Zilliken et al. (19556) for the 
preparation of methyl N-acetyl-«-glucosaminide. It had 
m.p. 200°, [a]p + 160° (lit., m.p. 217°, [a]p +170°). 

O-«-p-Galactopyranosyl-(1—>6)-p-galactose and O-f-p. 
galactopyranosyl-(1—>6)-p-galactose. These were prepared 
and kindly supplied by Drs Whelan and Feier. The a- 
compound had [a]p) +135° in water (lit., [a}p + 149°) and 
the B-compound [«]p +32-9° in water (lit., [«]p +34-1°). 

O-a-D-Galactopyranosyl -(1—>6) - N - acetyl -D - glucosamine 
and O-«-p-galactopyranosyl -(1—>6) - N - acetyl - D - galactos- 
amine. These were prepared by enzymic synthesis as 
described previously (Watkins, 1958). 

O-B-p-Galactopyranosyl -(1—>3) - N -acetyl-D - glucosamine 
and O-8-v-galactopyranosyl -(1—>6) - N - acetyl - D - glucos- 
amine. These were obtained through the kindness of 
Professor R. Kuhn. 

O- B-p- Galactopyranosyl - (1—>4) - N - acetyl - D - glucosamine. 
This was kindly supplied by Professor Gyérgy. 

Disaccharides from fucoidin. Three disaccharides which 
had been isolated from fucoidin (R. H. Cété, unpublished 
results) were kindly supplied by Dr Cété; O-«-L-fucopyrano- 
syl-(1—>2)-L-fucopyranose had [«]p — 169° in water; 0-1 
fucopyranosyl-(1—+3)-L-fucopyranose had [a])—191° in 
water and O-x-L-fucopyranosyl-(1—>4)-L-fucopyranose had 
[a]p — 170° in water. 

Oligosaccharides from milk. O-x-L-Fucopyranosyl-(1—2)- 
p-galactopyranose (Kuhn & Gauhe, 1958a), O-a-L-fuco- 
pyranosy]-(1—>2)-0-B-p-galactopyranosyl-(1—>4)-D-gluco- 
pyranose (fucosidolactose; Kuhn, Baer & Gauhe, 1955), 
O-«-1L-fucopyranosy] - (1-2) - O - B - p - galactopyranosyl- 
(1-+3)-N-acetyl-O-8-p-glucosaminopyranosyl-(1—3)-0-B- 
p-galactopyranosyl-(1—>4)-p-glucopyranose (lacto-N-fuco- 
pentaose I; Kuhn, Baer & Gauhe, 1956), O-B-D-galacto- 
pyranosyl-(1—>3)-O-[«-L-fucopyranosyl-(1—>4)-]- N-acetyl- 
O-B-p-glucosaminopyranosyl-(1—>3)-O-8-D-galactopyrano- 
syl-(1—>4)-p-glucopyranose (lacto-N-fucopentaose I]; 
Kuhn, Baer & Gauhe, 1958), O-«-L-fucopyranosyl-(1—2)- 
O- B-D-galactopyranosyl - (1—>4) - O - [«- L - fucopyranosyl- 
(1-+3)]-p-glucopyranose (lactodifucotetraose, Kuhn & 
Gauhe, 19585) were made available through the kindness 
of Professor R. Kuhn. 

N-Acetyl-O-8-p-glucosaminopyranosyl-(1—>4)-N-acetyl-D- 
glucosaminopyranose (NN’-diacetylchitobiose). This was 
prepared by Dr W. R. C. Crimmin by the method 
described by Zilliken, Braun, Rose & Gyérgy (1955a). 
It had m.p. 250°; [«]p +18° in water (lit., m.p. 245-247"; 
[a]p + 18-5°). 

Buffers. In the pH range 3-0-5:4 mixtures of 0-2m- 
Na,HPO, and 0-1-citric acid (McIlvaine, 1921) were used, 
in the pH range 5-6-8-0 mixtures of 0-066mM-Na,HPO, and 
0-066m-KH,PO, (Sorensen, 1909), and in the pH range 
8-5-11 mixtures of 0-1m-glycine, 0-1m-NaCl and 0-Li 
NaOH (Walbum, 1920). 
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METHODS 


Preparation of cell-free extracts of T. foetus. The washed 
living organisms from 11. of culture fluid, suspended in 
10 ml. of physiological saline (0-15m-NaCl), were lysed by 
freezing three times at -80°. The cellular debris was 
removed by centrifuging at 4000 g on a high-speed Servall 
centrifuge for 1 hr. at 4°. The supernatant liquid was 
filtered through a bacteriological filter candle and the clear 
filtrate was either tested directly for enzyme activity or 
dialysed for 48 hr. against frequent changes of distilled 
water and dried from the frozen state. 

Serological activity. Isoagglutination-inhibition and 
haemolysis-inhibition tests for A-activity were carried out 
as described by Morgan & King (1943). The B-substance 
was tested for inhibition with natural human isoagglutinins 
and immune rabbit anti-B agglutinins as described by 
Gibbons & Morgan (1954). A technique similar to that 
described by Grubb & Morgan (1949) for Le*-inhibition 
tests was used for the determination of H and Le®* sero- 
logical activity. A human anti-Le* serum was used for the 
Le* tests and an immune rabbit anti-H serum (Morgan & 
Waddell, 1945) was used for the majority of the H-inhibi- 
tion tests. Precipitin tests were carried out as described 
previously (Morgan & Watkins, 1951) with immune rabbit 
precipitating sera. The precipitating antibodies were 
induced by artificial antigens made by combining A-., B-, 
H- or Le*-substances with the conjugated protein of the 
somatic O antigen of Shigella dysenteriae by the method 
described by Morgan (1943). 

Liberation of o- and p-nitrophenol. Hydrolysis of the 
nitrophenyl glycosides was followed by a method essenti- 
ally similar to that described by Cohn & Monod (1951). The 
change in optical density at 400 mz was measured in a 
Unicam SP. 600 spectrophotometer. Readings were taken 
at intervals of 1 min. for a total of 5 min. The reactions 
were carried out at room temperature in 66 mm-phosphate 
buffer (pH 7-0) unless otherwise stated. Substrate concen- 
trations of 10 mm were employed unless the solubility of 
the nitrophenyl glycoside was lower than this concentra- 
tion, when saturated solutions were used. 

Chromatography. Chromatograms were run on Whatman 
no. 4 paper in butanol—pyridine—-water (6:4:3, by vol.) 
solvent mixture by the use of the ascending technique. 
Benzidine-trichloroacetic acid spray reagent (Bacon & 
Edelman, 1951) was used for detecting reducing sugars and 
the method of Partridge (1948) for detecting acetylhexos- 
amines. 

Reducing sugars. These were determined by the colori- 
metric technique of Nelson (1944). Reducing values were 
expressed in terms of a glucose standard. 

N-Acetylhexosamine. This was assayed by the method of 
Aminoff, Morgan & Watkins (1952). 


RESULTS 


Examination of Trichomonas foetus extracts for 
enzyme activity : enzymes which act on blood-group 
substances 


The cell-free 7’. foetus filtrates were tested for their 
tapacity to destroy the serological activity of the 
human blood-group A-, B-, H- and Le*-substances. 
Solutions (0:1%) of the blood-group substances 
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were mixed with (a) an equal volume, and (b) with 
one-tenth volume, of the 7’. foetus extract and the 
mixtures were incubated overnight at 37° after the 
addition of toluene. An equal volume of the 
extract which had been heated for 10 min. at 100° 
was added to the controls. After incubation all the 
solutions were heated for 10 min. in a boiling-water 
bath to stop the enzyme action and the serological 
activity of the preparations was determined by 
means of agglutination-inhibition tests. The 
minimum amounts of A-, B-, H- and Le*-sub- 
stances required to give complete inhibition in the 
homologous agglutination system before and after 
treatment with extracts of 7’. foetus are given in 
Table 1. 

Action on A-substance. The degree of inactivation 
of A-substance recorded in Table 1 was measured 
by using group-A, cells in the isoagglutination 
system. The use of red cells of the subgroup A, in 
place of A, cells gave similar results. The activity 
of the A-substance as measured by the haemolysis- 
inhibition test was also destroyed by treatment 
with the 7. foetus preparation. The haemolysis- 
inhibition test is generally believed to measure the 
‘Forssman’ or heterophile component of the A 
agglutinogen and is accepted as measuring a 
different, although closely related, serological 
property of the A-substance from that measured 
by the isoagglutination-inhibition technique. The 
degree of precipitation given by the A-substance 
with a homologous precipitating immune rabbit 
anti-A serum was considerably reduced after the 
action of the 7’. foetus enzyme preparation. 

Action on B-substance. Gibbons & Morgan (1952) 
showed that the purified human B-substance 
obtained from ovarian-cyst fluids has two partial 
specificities. One is measured by the naturally 
occurring human anti-B agglutinins and is labile to 
treatment with mild alkali. The other, measured 
by immune anti-B agglutinins of human or animal 
origin, is stable to mild alkali treatment under 
carefully controlled conditions. Examination of 
the action of the 7’. foetus extracts on both these 
specificities has shown that with most enzyme pre- 
parations the activity of B-substance is reduced 
against both natural and immune anti-B aggluti- 
nins. The extent of inactivation is, however, usually 
greater when the naturally occurring anti-B agglu- 
tinins are used as test reagents. Occasionally 
enzyme preparations have been obtained from 7’. 
foetus which show considerable capacity to in- 
activate the property measured by the natural 
antibodies but which fail to produce detectable 
inactivation of the property measured by immune 
anti-B reagents. The degree of precipitation of B- 
substance with an immune precipitating rabbit 
anti-B serum after treatment with such an enzyme 
preparation has not been examined, but substances 
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Blood-group 
substance Test serum 
A Human anti-A 
B Human anti-B 
H Immune rabbit anti-H 
Le* Human anti-Le* 
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Table 1. Serological inactivation of human A-, B-, H- and Le*-substances by cell-free extracts of T. foetus 


Minimum amount 
of blood-group 
substance giving 


Volume of 7’. foetus complete 
extract added* inhibition} 
(ml.) (ug-/ml.) 
(— 1 
0-1 + 
)1-0 63 
lio (boiled) 1 
_ 0-5 
(o1 16 
11-0 125 
ly 0 (boiled) 0-5 
— 2 
0-1 > 500 
| 1-0 >500 
1-0 (boiled) 2 
— 1 
(oa 16 
1-0 > 500 
1-0 (boiled) 1 


* T. foetus extract added to 1 ml. of a 0-1% (w/v) solution of blood-group substance. 
¢ Equal volume of solution containing dilution of blood-group substance added to volume of test serum containing 


2-3 completely haemagglutinating doses. 





treated with 7’. foetus extracts which destroy the 
activity with both natural and immune agglutinins 
also lose their ability to precipitate with the 
immune reagent. 

Action on H-substance. Many different anti-H 
reagents of human, animal and plant origin have 
been described. These reagents all have the common 
property of being inhibited in their action on O 
cells by human H-substance, although they can be 
shown to differ in other respects (see Watkins & 
Morgan, 19556). Agglutination-inhibition tests 
with H-substance which had been treated with 7’. 
foetus extract showed that the activity is destroyed 
with immune rabbit anti-H serum (Morgan & 
Waddell, 1945), natural eel anti-H serum (Sugishita 
1935), natural cattle anti-H serum (Schiff, 1927), 
anti-H sera from chickens immunized with 
Shigella dysenteriae (Grubb, 1949) and with the 
human anti-H reagents ‘Warboys’ (Watkins, 1952) 
and ‘Tomlinson’ (Watkins & Morgan, 1954). The 
capacity of H-substance to precipitate with 
immune rabbit precipitating anti-H serum was 
also lost on treatment with the enzyme prepara- 
tions. 

Action on Le*-substance. The destruction of the 
Le* serological character could be shown both by 
its loss of activity in the agglutination-inhibition 
test (Table 1) and by its failure to precipitate with 
a precipitating immune rabbit anti-Le* serum after 
the action of the 7. foetus preparation. 

Development of type XIV activity. Blood-group 
substances isolated from hog gastric mucin, human 
saliva and human stomachs by peptic digestion 





always cross-react in precipitation tests with 
type XIV anti-pneumococcus horse serum (Kabat, 
Bendich, Bezer & Knaub, 1948). It is possible, 
however, to select human-blood-group A-, B- and 
H-substances isolated from ovarian cysts by ex- 
traction with phenol (Morgan & King, 1943) which 
do not precipitate to any appreciable extent in this 
system. Treatment of these substances with the 
crude 7’. foetus enzyme preparations resulted in the 
development of considerable cross-reactivity with 
the type XIV antiserum. 

Development of H specificity by A- and B-sub- 
stances. Iseki & Masaki (1953), using an A-decom- 
posing enzyme from Cl. tertium, reported that when 
this enzyme acts on A-substance the A specificity 
disappeared and O(H) specificity developed. Sub- 
sequently, Iseki & Ikeda (1956) showed that B- 
substance inactivated by a specific enzyme from 
Bacillus cereus also developed H-specific properties. 
Watkins (1956) found that when human B-sub- 
stance was treated with a purified B enzyme from 
T. foetus, which was free from H enzyme, the 
disappearance of B activity was accompanied by 
a development of H specificity. The presence of an 
H-decomposing enzyme in the crude 7. foetus 
extracts used in the present investigation means 
that any H activity which is formed by the action 
of the A- and B-decomposing enzymes on their 
respective substrates is immediately destroyed. 
However, if the inactivation is carried out in the 
presence of L-fucose (final concentration 2%); 
which inhibits the H-decomposing enzyme (Watkins 
& Morgan, 1955a), both the A- and B-substances 
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can be shown to develop the capacity to inhibit the 
agglutination of O cells by rabbit anti-H sera. The 
activity developed is equivalent to only 5-10 % of 
the activity of a purified human H-substance, but 
the A and B materials used were completely free 
from H activity before enzyme treatment. The 
inhibition of the Le*-decomposing enzyme by L- 
fucose (Watkins & Morgan, 1957) prevented the 
use of this sugar to determine whether H-specific 
properties are developed by Le*-substance after 
enzyme treatment. 

Chemical changes in the blood-group substances. 
Incubation for 18 hr. at 37° of 1% (w/v) solutions 
of A-, B-, H- and Le*-substances with an equal 
volume of a 1 % (w/v) solution of a dialysed extract 
of T. foetus dissolved in phosphate buffer (pH 7) 
resulted in the liberation from each substance of 
about 20 % of reducing sugars (in terms of a glucose 
standard). Part of the materials became diffusible 
through a cellophan membrane, and chromato- 
graphic examination of the diffusible products, 
after removal of salts by passing the solution 
through a column of Bio-Deminrolit resin, showed 
that fucose, galactose and N-acetylhexosamine 
had been split off from each substance. No evidence 
was obtained for the liberation of di-, tri- or higher 
oligo-saccharides. In view of the large amount of 
protein added with the crude extract and the 
possibility of autolysis the diffusible products were 
not examined for the presence of liberated amino 
acids or peptides. 

Action on red cells. The direct action of the crude 
T. foetus enzyme preparation on the blood-group 
receptors on the red-cell surface could not be deter- 
mined, because exposure of red cells to the enzyme 
solutions results immediately in non-specific 
agglutination of the cell suspension and, further- 
more, incubation with the 7’. foetus extract at 37° 
causes extensive haemolysis of the cells within 1 hr. 
The capacity of the extract to agglutinate cells was 
destroyed by heating the preparation for 10 min. at 
100°, and considerably reduced, although not 
completely destroyed, by heating for 10 min. at 64°. 

Enzyme production during the growth of Tri- 
chomonas foetus var. Belfast. The development of 
the enzymes which destroy the blood-group sub- 
stances at different stages in the life cycle of T. 
foetus organisms has not been examined in detail. 
Comparison of extracts prepared from a 24 hr. 
growth and the 48 hr. growth normally used showed 
that the enzymes acting on A-, B-, H- and Le’- 
substances were present after 24 hr. The activity 
on a dry-weight basis was less, however, and the 
total yield of dry material was only about one- 
fifth of the yield from a 48 hr. growth. 

Activity of extracts prepared by different methods. 
Extracts of 7’. foetus organisms were prepared by 
disintegration of a saline suspension in a Waring 
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Blendor and by freezing and thawing suspensions 
in (i) 50% (v/v) glycerol, (ii) a 5% solution of the 
surface-active agent Triton X100 (Rohm and 
Haas Co., Philadelphia) and (iii) buffer solutions 
(pH 5-4, 7-0 and 9-1). The cellular debris was 
removed by high-speed centrifuging, and the super- 
natant solutions were dialysed for 48 hr. against 
frequent changes of distilled water, and, with the 
exception of the Triton X 100 extract, dried from 
the frozen state. The yields and enzyme activities 
of the preparations were compared with those of 
an extract prepared from approximately equal 
numbers of the same batch of organisms by the 
standard procedure of freezing and thawing a saline 
suspension. 

The yield of dry material in the extracts ob- 
tained by disintegration of the organisms in the 
Blendor and by extraction with glycerol was 
similar to that obtained by the standard method, 
and the three preparations produced a similar 
degree of inactivation of A-, B- and H-substances. 
A strict comparison of the activity of the enzymes 
acting on the blood-group substrates in the extracts 
prepared with Triton X100 could not be made 
because the Triton, which was not removed by 
dialysis, caused haemolysis of red-blood cells and 
thus interfered at lower dilutions in the agglutina- 
tion-inhibition tests; the limited tests carried out, 
however, showed that A-, B- and H-decompsing 
enzymes were present in the preparations. 

The yields of dry material extracted at pH 5-4, 
7-0 and 9-1 were respectively 59, 132 and 188 % of 
the yield obtained by extraction with saline. The 
activity of the preparations against A-, B- and H- 
substances showed little variation, although there 
was some indication that the material extracted at 
pH 5-4 was slightly more active against the three 
substrates, and the material extracted at pH 9-1 
slightly less active, than the material extracted at 
pH. 7-0. 


Examination of Trichomonas foetus extracts for 
enzyme activity: enzymes which act on glycoside 
substrates 


Galactosidases. The dialysed cell-free 7’. foetus 
filtrate was examined for its action on the «- and f- 
galactosides listed in Table 2. The mixtures after 
incubation were examined chromatographically for 
the liberation of galactose. A chromatogram of the 
T. foetus preparation without added substrate 
showed only a very faint spot with the benzidine— 
trichloroacetic acid spray reagent; the R, of this 
spot was identical with that of glucose. Hydrolysis 
of all the galactoside substrates tested was ob- 
served, with the exception of methyl B-p-galacto- 
furanoside, which was not attacked. 

In addition to the galactosides listed in Table 2 
the 7’. foetus extract hydrolysed the chromogenic 
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Table 2. Hydrolysis of «- and B-p-galactosides by cell-free extracts of T. foetus 


Solutions (1%, w/v) of the substrates were incubated overnight at 37° with an equal volume of a 1 % (w/v) solution of 
T’. foetus extract dissolved in phosphate buffer (pH 7). + +, Complete hydrolysis; +, partial hydrolysis; — , no hydrolysis, 


Substrate 


Methyl «-p-galactopyranoside 
Phenyl «-p-galactopyranoside 
Methyl f£-p-galactopyranoside 
Methyl £-p-galactofuranoside 
Melibiose 

Lactose 


O-a-D-Galactosyl-(1—6)-N -acetylglucosamine 
O-a«-D-Galactosyl-(1—6)-N-acetylgalactosamine 


O-a-D-Galactosy]-(1—+-6)-p-galactose 


O-B-p-Galactosyl-(1—+3)-N-acetylglucosamine 
O-B-D-Galactosyl-(1—4)-N-acetylglucosamine 
O-B-D-Galactosy!-(1—6)-N -acetylglucosamine 


O-B-p-Galactosyl-(1—+6)-galactose 


uw oOo ws DO WO 


2 r Merit | 
' oA 


1 ncecpaalan 
0 05 10 
Concn. of enzyme (mg./ml.) 


Nitrophenyl glycoside hydrolysed/min. (yg.) 


wi J 

1°5 2:0 

Fig. 1. Hydrolysis of nitrophenyl glycosides by cell-free 
extracts of 7. foetus. Substrates: O, o-nitrophenyl 
a-D-galactoside; A, o-nitrophenyl f-p-galactoside; @, 
p-nitrophenyl N-acetyl-8-p-glucosaminide; A, p-nitro- 
phenyl N-acetyl-f-p-galactosaminide; 1, p-nitrophenyl 
a-L-rhamnoside. Reaction mixtures: substrate (0-5 ml.), 
buffer solution (pH 7-0) (2-5 ml.) and enzyme solution 
(0-5 ml.) mixed together in optical cell. Optical density 
measured at 420 my at 1 min. intervals for a total of 
5 min. 


substrates o-nitrophenyl «- and f-p-galactosides. 
The relationship between the concentration of the 
T.. foetus preparation and the activity of the «- and 
B-galactosidases, with the nitropheny] galactosides 
as substrates, is shown in Fig. 1. Considerable 
variations in the activity of the galactosidases was 
observed in enzyme preparations obtained from 
different batches of organisms; the «-galactosidase 
activity, however, never exceeded, and was 
frequently considerably weaker than, the B- 
galactosidase activity. Owing to the ease with 
which the hydrolysis of the nitropheny] glycosides 


Unheated T’. foetus extract 
T. foetus heated at 55° 
extract for 30 min. 

+ — 

+ + 
++ - 
aoe + 
+ + - 
ot + _ 
Sas + — 
++ < 
+ + + + 
++ : 
4 7 


can be measured the experiments involving galacto- 
sidases described below were carried out mainly 
with these substrates. 

N-Acetylhexosaminidases. Solutions (1%, w/v) 
of methyl N-acetyl-«- and -f-p-glucosaminide, 
methyl N-acetyl-«-p-galactosaminide and NN’. 
diacetylchitobiose were incubated for 18 hr. at 37° 
with an equal volume of a dialysed solution of T. 
foetus extract (1%, w/v). As measured by the 
liberation of N-acetylglucosamine, 5% hydrolysis 
of methyl N-acetyl-«-glucosaminide and 42% 
hydrolysis of methyl N-acetyl-8-glucosaminide 
occurred under these conditions. Methyl N-acetyl- 
a-galactosaminide was hydrolysed to the extent of 
30 % as measured by the release of N-acetylgalactos- 
amine. The f-1:4-linked N-acetylglucosamine di- 
saccharide, NN’-diacetylchitobiose, was examined 
chromatographically for the liberation of N- 
acetylglucosamine and was found to be extensively 
hydrolysed. The enzyme preparation therefore 
contained a weak N-acetyl-«-glucosaminidase, an 
N-acetyl-8-glucosaminidase and an N-acetyl-a- 
galactosaminidase. 

The liberation of p-nitrophenol from the chromo- 
genic substrates p-nitrophenyl N-acetyl-f-glucos- 
aminide and p-nitrophenyl N-acetyl-f-galactos- 
aminide (Fig. 1) confirmed the presence of an N- 
acetyl-8-glucosaminidase in the 7’. foetus extract 
and showed that it contained, in addition, an N- 
acetyl-B8-galactosaminidase. 

Fucosidases. Fucose-containing compounds of 
known structure and enzyme in phosphate buffer 
(pH 7) were incubated together for 18 hr. at 37° 
and the resulting mixtures were examined chro- 
matographically for the presence of free fucose. 
The results are shown in Table 3. In confirmation 
of earlier results (Watkins, 1955) no hydrolysis of 
either methyl «- or B-fucopyranosides or fuco- 
furanosides was observed. Similarly, no free 
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Table 3. Hydrolysis of fucose-containing compounds by cell-free extracts of T. foetus 


Equal volumes of 1 % (w/v) solutions of fucose-containing compounds and 7’. foetus extract in phosphate buffer (pH 7) 


incubated together for 18 hr. at 37°. ++, Complete hydrolysis; +, partial hydrolysis; —, no hydrolysis. 


Unheated T’. foetus extract 
T. foetus heated at 55° 
Substrate Nature of «-fucosyl linkage extract for 30 min. 

Methyl «-L-fucopyranoside ~ : 
Methyl] f-L-fucopyranoside - 2 
Methy] «-L-fucofuranoside - ; 
Methy] £-L-fucofuranoside - ; 
O-a-L-Fucosyl-(1—>2)-D-galactose . ++ ++ 
Fucosidolactose (-(1—>2)-p-galactose) ++ ‘ 
Lacto-N-fucopentaose I (-(1—>2)-p-galactose) ++ ; 
Lacto-N-fucopentaose IT (-(1—>4)-N-acetylglucosamine) ++ ++ 
Lactodifucotetraose Ce" ++ a 


O-a-L-Fucosyl-(1—>2)-1-fucose 
0-a-L-Fucosyl-(1—>3)-L-fucose 
O-a-L-Fucosyl-(1—>4)-L-fucose 


fucose was detected in the products from the action 
of 7. foetus on the three «-linked fucose disac- 
charides from fucoidin. The chromatograms from 
the (12) and (1->3) compounds, however, each 
showed, in addition to the unchanged material, a 
spot, absent from the controls, with an R, similar 
to that of fucosyl-(1-4)-fucose which may have 
arisen by enzymic transfer of the fucosy]l linkage. 
The oligosaccharides from milk, however, were 
completely broken down into their component 
sugars, thus demonstrating that the three different 
types of «-fucosyl linkage in these compounds are 
all susceptible to attack by the enzymes in the 7’. 
foetus preparation. 

Other glycosidases. In addition to the examination 
of the 7. foetus extract for glycosidases which 
might play some part in the enzymic disruption of 
the blood-group substrates, the action of the pre- 
paration on the following substrates was tested: 
methyl-«- and -f-p-arabinosides, maltose, cello- 
biose, p-nitrophenyl «-L-rhamnoside and p-nitro- 
phenyl «-p-mannoside. The treated methyl glyco- 
sides and disaccharides were examined chromato- 
graphically for the liberation of free sugars. 
Maltose and cellobiose were both partly hydrolysed 
but no hydrolysis.of the arabinosides was observed. 
Liberation of p-nitrophenol from the rhamnoside 
substrate occurred on addition of the enzyme pre- 
paration (Fig. 1) but there was no hydrolysis of p- 
nitrophenyl «-D-mannoside. 


Stability of Trichomonas foetus enzymes 


Storage. Cell-free extracts from 7’. foetus which 
have been dried from the frozen state retain their 
activity against the blood-group substrates, o- 
nitropheny] «- and B-galactosides and p-nitrophenyl 
B-N-acetylglucosaminide, for several months when 
the preparations are stored in vacuo over phos- 


-(1—+3)-p-glucose 


phorus pentoxide at — 10°. Gradual loss of activity 
occurs, however, under these conditions, especially 
of the enzymes which destroy the activity of the A 
and Le* blood-group substances. 

Dialysis. Dialysis of the extracts for 1 week at 
0-—4° against frequent changes of normal saline or 
phosphate buffer (pH 6-8) does not lead to any 
greater loss in activity against the blood-group 
substrates than occurs in undialysed preparations 
which have stood for the same length of time at 
0-4°. Dialysis against distilled water results in 
considerable loss of enzymic activity when the 
subsequent tests are carried out in a salt-free 
system. The activity can, however, be restored to 
its original level by the addition of normal saline 
or phosphate buffer (pH 6-8) to the test system. 
As a standard procedure the cell-free extracts were 
dialysed for 48 hr. against frequent changes of 
distilled water and dried from the frozen state. 
The preparations were stored in vacuo at — 10° and 
reconstituted when required in phosphate buffer 
(pH 6-8). 

Heat stability. Samples of the 7. foetus extract 
were heated for 30 min. at various temperatures and 
tested for enzyme activity. The minimum amounts 
of A-, B-, H- and Le*-substances giving complete 
inhibition of agglutination after treatment with the 
heated enzyme preparations are given in Table 4. 
The enzymes acting on the A-, B- and H-substrates 
retained a considerable percentage of their original 
activity after treatment at 55°, but were com- 
pletely inactivated at 70°. Considerable inactiva- 
tion of the enzyme acting on Le* specific structures 
occurred at 55°. The enzyme acting on the property 
of the B-substance measured by immune rabbit 
anti-B serum was more readily destroyed by heat 
than was the specificity which is detected by 
human anti-B serum. 
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The activities of the «- and £-galactosidases, N- 
acetyl-8-glucosaminidase and N-acetyl-«-galactos- 
aminidase in the heated preparations are shown in 
Table 5. The activity of the «-galactosidase, as 
measured by its action on o-nitrophenyl «-p- 
galactoside, is destroyed very readily by heat 
whereas the «-galactosaminidase, as measured by 
its action on methyl N-acetyl-«-galactosaminide, 
retains 88% of its activity after 30 min. heating 
at 55°. 

The 7. foetus preparation heated to 55° for 
30 min. was tested for its action on some of the 
galactosides listed in Table 2. Chromatographic 
examination of the reaction products showed that 
activity against all the «-galactoside substrates was 
lost after this treatment. B-Galactosidase activity 
was retained, but in most instances hydrolysis was 
less extensive than with the unheated extract. 

The action of the enzyme preparation on the 
liberation of fucose from «-L-fucosyl-(1->2)-p- 
galactose and lacto-N-fucopentaose II was un- 
changed on heating the extract to 55° (Table 3). 
Only partial hydrolysis of lactodifucotetraose 
occurred with the heated 7’. foetus preparation, and 
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the chromatogram showed, in addition to fucose 
and traces of galactose and glucose, a spot with an 
R, similar to that of the trisaccharide fucosido. 
lactose. 

Chromatographic examination of the mixtures 
obtained after the 7’. foetus preparation heated to 
55° had acted on methyl «- and B-N-acetylglucos.- 
aminides and NN’-diacetylchitobiose showed that 
these three compounds were hydrolysed by the 
preparation; the intensity of the spots with 
Ehrlich’s reagent did not appear to differ greatly 
from that given by the reaction products obtained 
with the unheated 7’. foetus extract. 

pH stability. Enzyme solutions (1% w/v) after 
thorough dialysis against distilled water were 
mixed with equal volumes of buffer solutions at 
pH 3, 5, 7, 9 and 11. The mixtures were left for 
1 hr. at room temperature (21°), each solution was 
then readjusted to pH 7 and the activity of the 
enzymes acting on A-, B- and H-substances was 
determined by the standard method. The H- 
decomposing enzyme retained full activity over the 
range pH 5-9, showed some loss of activity at pH 3 
and was completely inactivated at pH 11. The 





Table 4. Heat stability of enzymes which destroy the serological activity of the A-, B-, H- and Le*-substances 


Minimum amount of blood-group substance (yg./ml.) giving complete 


inhibition after treatment with enzyme heated for 30 min. at 
A. 





Blood-group _ = oa 
substance Test serum 20° 45° 55° 60° 65° 70° 100° 
A Human anti-A 63 63 63 4 2 1 1 
B Human anti-B 125 125 125 16 2 0-5 0-5 
Immune rabbit anti-B 63 32 16 2 1 1 1 
H Immune rabbit anti-H >250 > 250 125 8 2 2 2 
Le* Human anti-Le* >250 >250 4 1 1 1 1 








Table 5. Heat stability of «- and B-galactosidases, N -acetyl-B-glucosaminidase 
and N-acetyl-«-galactosaminidase 


Substrate 
o-Nitrophenyl «-p-galactoside* 
o-Nitrophenyl £-p-galactoside* 
p-Nitrophenyl N-acetyl-8-glucosaminide* 
Methyl N-acetyl-«-galactosaminidet 


Percentage enzyme activity remaining after 
treatment of 7’. foetus extract for 30 min. at 
A. 





"iin ety ee 

37° 45° 55° 65° 100° 
5 0 0 0 0 
40 1l 8 4 0 
85 74 42 3 0 
aa — 88 40 0 


* Activity determined by measuring rate of liberation of nitrophenol. : 

+ Activity determined by measuring amount of N-acetylgalactosamine liberated after incubation of equal volumes of 
1% (w/v) solutions of enzyme and substrate for 18 hr. at 37°. 

oO J 





Table 6. 


Substrate 
o-Nitropheny] «-p-galactoside 
o-Nitrophenyl B-p-galactoside 
p-Nitrophenyl N-acetyl-8-glucosaminide 


PH stability of «- and B-galactosidases and N-acetyl-B-glucosaminidase in cell-free T. foetus extracts 


Percentage enzyme activity remaining after 
treatment of 7’. foetus extract for 1 hr. at pH 





woo wr 
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5 7 9 11 
55 100 100 10 
72 100 51 0 
76 100 99 0 
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enzymes acting on A- and B-substances were less 
stable and showed complete loss of activity at pH 3 
and 11 and some loss of activity at pH 9. The pH 
stabilities of the «- and f-galactosidases and N- 
acetyl-8-glucosaminidase in the same enzyme pre- 
parations are given in Table 6. 


pH optima 

The influence of pH on the activity of the 
enzymes acting on the blood-group substrates was 
determined by incubation of the enzyme-substrate 
mixtures for 2 hr. at 37° in the presence of buffer 
solutions at various pH values between 4 and 9. 
At the end of the incubation time each mixture 
was adjusted to pH 7, and the solutions were 
heated at 100° for 10 min. and titrated for blood- 
group activity. The limitations of the agglutina- 





Table 7. pH optima of the enzymes in T. foetus 
extracts acting on A-, B-, H- and Le*-substances 


For details see text. 


Minimum amount of blood-group 
substance (yg./ml.) giving 


pH of enzyme— complete inhibition 





substrate mixture . A = 

during incubation A B H Le* 
4-0 2 2 32 4 
5-4 8 8 63 8 
6-0 16 32 63 8 
7-0 16 32 125 16 
7-4 16 16 63 8 
8-0 8 2 32 1 
9-1 2 1 4 1 

Control 1 0-5 2 1 


(boiled enzyme) 


100 
90 


aos @ 
oe 6 © 
Oo 


yw a 
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Percentage of maximum activity 
uw 
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" 
oO 


3 4 5 6 z 8 9 


pH 


Fig. 2. Effect of pH on the hydrolysis of o-nitropheny] «- 


p-galactoside (@), and o-nitrophenyl f-p-galactoside 
(O). Reaction mixtures: buffer solution (5 ml.), sub- 
strate (0-5 ml.) and 1% enzyme solution (0-1 ml.). After 
10 min. at room temp. the reaction was stopped by the 
addition of 1 ml. of M-sodium carbonate solution. 
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tion-inhibition test, which allows only changes of 
the order of 50% in the concentration of the sub- 
strate to be detected, do not enable a precise 
determination of the pH optima to be made. The 
results (Table 7) indicated, however, that maximum 
inactivation of A-, B-, H- and Le*-substances was 
obtained in the pH range 6-7. 

The pH optima for the «- and £-galactosidases 
and N-acetyl-8-glucosaminidase were determined 
with the nitrophenyl glycosides as substrates. The 
rates of liberation of nitrophenol from these sub- 
strates at different pH values could not be deter- 
mined directly owing to the variations in the pro- 
portions of the coloured tautomeric forms of o- and 
p-nitrophenol which occur with changes in pH 
(Lederberg, 1950). The following procedure was 
therefore used: Buffer solution (5 ml.) was mixed 
with the substrate (0-5 ml.) and enzyme solution 
(0-1 ml.) added. The mixtures were allowed to 
stand for 10 min. at room temperature and 1 ml. 
of 1mM-sodium carbonate solution was then added 
to stop the reaction and to convert all the liberated 
nitrophenol into the coloured form. The intensity 
of colour was measured at 420 mu. The f-galacto- 
sidase had a pH optimum in the range 6-3-6-6 
(Fig. 2), the a-galactosidase showed maximum 
activity in the range pH 5-7-6-6 (Fig. 2) and the 


$s 8 


(b) 


ae 


(a) 


Percentage of maximum activity 
uw 
So 


=> vy w 
oo 8 


pu 


Fig. 3. (a) Effect of pH on the hydrolysis of p-nitrophenyl 
N-acetyl-B-p-glucosaminide (@). Reaction mixture: 
buffer solution (5 ml.), substrate (0-5 ml.) and 1% 
enzyme solution (0-1 ml.). After 10 min. at room temp. 
reaction was stopped by the addition of 1 ml. of m- 
sodium carbonate solution. (b) Effect of pH on the 
hydrolysis of methyl N-acetyl-«-D-galactosaminide (QO). 
Equal volumes of substrate (0-5%), buffer and enzyme 
solution (1%, w/v) were incubated at 37° for 8 hr. At 
the end of the incubation period the solution was ad- 
justed to pH7 and the free N-acetylgalactosamine 
estimated. 
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N-acetyl-8-glucosaminidase had optimum pH 7-0— 
7-2 (Fig. 3). The optimum pH for the liberation 
of N-acetylgalactosamine from methyl N-acetyl-a- 
galactosaminide was 6-0 (Fig. 3). 


Inhibition of enzyme activity 


Sugars. The specific inhibition by simple sugars 
of the enzymes in cell-free extracts of 7’. foetus 
acting on A-, B- and H-substances was previously 
reported (Watkins & Morgan, 1955a). The de- 
struction of 1 mg. (1 ml.) of A-, B- and H-substances 
by the enzymes in 10 mg. (1 ml.) of the T. foetus 
extract was specifically, and, as far as can be 
determined by the serological inhibition test, com- 
pletely inhibited by 20mg. (1 ml.) of N-acetyl- 
galactosamine, D-galactose and L-fucose respec- 
tively. N-Acetylglucosamine and a considerable 
number of other sugars failed to inhibit the 
enzymes. The action of simple sugars on the 
activity of the enzymes hydrolysing o-nitrophenyl 
a- and £-galactosides, p-nitrophenyl N-acetyl-f- 
glucosaminide and p-nitrophenyl N-acetyl-f-gal- 
actosaminide was therefore examined. The concen- 
tration of the sugars relative to the amount of 7. 
foetus extract was the same as that used in the 
experiments on the blood-group substrates. The 
results are summarized in Table 8. 

The aldonolactones have been shown to inhibit 
a wide variety of glycosidases (Levvy, 1952; 
Conchie, 1954; Conchie & Levvy, 1957). The action 
of p-galactono-y-lactone on the enzymes which de- 
compose the A-, B- and H-substances and on the 
«- and f-galactosidases and N-acetyl-f-glucos- 
aminidase was therefore tested. The inactivation of 
lmg. (1 ml.) of the blood-group substrates by 
10 mg. (1 ml.) of the 7. foetus preparation was not 
inhibited by the addition of up to 200 mg. (1 ml.) of 
D-galactono-y-lactone dissolved in buffer at pH 7. 
At a similar concentration ratio of enzyme, sub- 
strate and inhibitor only 5% inhibition of the 
hydrolysis of p-nitrophenyl N-acetyl-f-glucos- 
aminide was observed. The «- and £-galactosidases 





W. M. WATKINS 


1959 


in the 7’. foetus preparation acting on the o-nitro. 
phenyl «- and £-galactosides were both susceptible 
to inhibition by p-galactono-y-lactone; the per. 
centage inhibition of the two enzyme activities with 
different concentrations of D-galactono-y-lactone ig 
shown in Fig. 4. 

Inorganic ions. The inhibiting effects of the 
following inorganic compounds on the enzymes 
acting on A-, B- and H-substances, o-nitropheny] 
a- and f-galactosides, p-nitrophenyl N-acetyl-f- 
glucosaminide and methyl N-acetyl-«-galactos. 
aminide were examined: lead nitrate, cobalt 
chloride, zinc chloride, copper sulphate, man- 
ganese chloride, silver nitrate and mercuric chloride. 
Each solution (0-:05%) was added to an equal 
volume of a 1 % (w/v) solution of 7’. foetus extract. 
All reactions were carried out in phosphate buffer at 
pH 7 and some precipitation of the heavy-metal 
ions occurred. The A-, B- and H-decomposing 


Inhibition (%) 





3 6 9 12 15 18 
Concn. of p-galactono-y-lactone (mg./ml.) 

Fig. 4. Inhibition of hydrolysis of o-nitrophenyl «-p- 
galactoside (O), and of o-nitrophenyl B-p-galactoside 
(@), by v-galactono-y-lactone. Reaction mixtures: 
galactonolactone solution (0-5 ml.), 1% (w/v) enzyme 
solution (0-1 ml.), buffer solution (pH 7) (2-4 ml.), sub- 
strate (0-5 ml.). 





Table 8. Inhibition of «- and B-galactosidases, N-acetyl-B-glucosaminidase 
and N-acetyl-B-galactosaminidase by simple sugars 


For details see text. 


Inhibition of enzyme activity (%) 





«-Galactosidase* 


Sugar added 


L-Fucose 0 
D-Galactose 22 
N-Acetylglucosamine 20 
N-Acetylgalactosamine 0 
D-Glucose 22 


* Substrate: o-nitrophenyl «-p-galactoside. 


N-Acetyl-B- N-Acetyl-B- 
B-Galactosidaset  glucosaminidase{ galactosaminidase§ 


0 0 
2 0 — 
0 36 37 
0 70 68 
0 0 adie 


{ Substrate: o-nitrophenyl £-p-galactoside. 


t Substrate: p-nitrophenyl N-acetyl-8-glucosaminide. 
§ Substrate: p-nitrophenyl N-acetyl-8-galactosaminide. 
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Table 9. Inhibition of «- and B-galactosidases, N -acetyl-B-glucosaminidase 
and N-acetyl-«-galactosaminidase with metal ions 


For details see text. 


c-- 


Inhibitor a-Galactosidase* 


Copper sulphate 21 
Manganese chloride 0 
Mercuric chloride 100 
Silver nitrate 100 
Lead nitrate 5 
Cobalt chloride 0 
Zinc chloride 0 


* Substrate: o-nitrophenyl «-p-galactoside. 


Inhibition of enzyme activity (%) 
A. a ee 
N-Acetyl-B- N-Acetyl-«- 
B-Galactosidaset  glucosaminidaset galactosaminidase§ 
29 23 26 
6 0 11 
66 100 57 
100 100 
3 0 
4 2 
0 0 


+ Substrate: o-nitrophenyl f-p-galactoside. 


{ Substrate: p-nitrophenyl N-acetyl-B-glucosaminide. 
§ Substrate: methyl N-acetyl-«-galactosaminide. 


enzymes were completely inhibited by mercuric 
chloride and partially inhibited by copper sulphate. 
Complete inhibition of the A- and B-enzymes was 
also observed with silver nitrate but this com- 
pound did not detectably reduce the activity of 
the H-enzyme. Lead nitrate, cobalt chloride, zinc 
chloride and manganese chloride failed to inhibit 
the enzymes acting on the blood-group substrates 
under the conditions used. The action of the 
inorganic ions on the liberation of nitrophenol from 
the nitrophenyl] glycosides and on the liberation of 
N-acetylgalactosamine from methyl N-acetyl-«- 
galactosaminide is shown in Table 9. 


DISCUSSION 


The nature of the chemical changes in the water- 
soluble blood-group substances brought about by 
the crude 7. foetus preparations has not been 
extensively investigated as it was considered that 
information relating to the specificity differences 
between the substances could be obtained only 
when purified enzyme preparations were available. 
An examination of the material which becomes 
diffusible after enzyme action, however, showed 
that loss of serological specificity was accompanied 
by the liberation from each substance of fucose, 
galactose and WN-acetylhexosamine. It seems 
probable therefore that a proportion of all the 
component sugars, namely t-fucose, D-galactose, 
N-acetylglucosamine and N-acetylgalactosamine, 
is split off from each substance and that the T. 
foetus preparation must contain several enzymes 
capable of splitting glycosidic bonds of the type 
present in the blood-group substances. Ryley 
(1955), in studies on the carbohydrate metabolism 
of 7’. foetus, demonstrated the presence in cell-free 
preparations of maltase, amylase and phosphoryl- 
ase. The present investigation has shown that the 
T. foetus extracts contain enzymes capable of 


hydrolysing a range of low-molecular-weight 
glycosides of known structure. As it appeared 
possible that some of the glycosidases might be 
identified with enzymes primarily responsible for 
the loss of serological specificity of the blood-group 
substances, or with those that cause further de- 
composition of the mucopolysaccharide molecules 
after loss of specificity has occurred, some of their 
properties have been compared with those of the 
enzymes which decompose the blood-group sub- 
stances. 

Watkins & Morgan (1955a) suggested that the 
enzyme which destroys the serological properties of 
B-substance has a galactosidase specificity. This 
suggestion was based on the capacity of galactose 
to inhibit the enzymic decomposition of B-sub- 
stance, coupled with the absence of any appreciable 
inhibition by a number of other sugars. Prelimi- 
nary experiments with a purified B-enzyme from 
T’. foetus supported this idea, since destruction of 
the B-substance was shown to be accompanied by 
the liberation mainly of galactose with only traces 
of fucose and N-acetylhexosamine (Watkins, 1956). 
Moreover, the quantitative precipitation-inhibition 
experiments of Kabat & Leskowitz (1955) indicated 
that a terminal «-galactosyl residue is involved in 
B-specificity. If, therefore, the function of the 
enzymes which destroy blood-group activity is 
envisaged as the removal of the terminal sugar of 
the structural units that confer on the blood-group 
substances their specific serological characters, 
then the B-enzyme would presumably have an 
«-galactosidase specificity. The 7. foetus prepara- 
tion was found to hydrolyse a wide range of low- 
molecular-weight «- and £-galactopyranoside struc- 
tures (Table 2 and Fig. 1). Although the differences 
in the method of testing for loss of blood-group 
activity and for the action on the low-molecular- 
weight glycosides do not enable strictly quanti- 
tative comparisons to be made, certain differences 
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have emerged between the properties of the en- 
zymes acting on the low-molecular-weight «- 
galactosides and on B-substance which suggest 
that they are not identical. The «-galactosidase 
activity against all the substrates tested, for 
example, was destroyed when the preparation was 
heated for 30 min. at 55°, whereas the B-enzyme 
retained its activity unimpaired after such treat- 
ment. Inhibition of «-galactosidase activity was 
observed with p-galactose when o0-nitrophenyl 
galactoside was used as substrate, but glucose and 
N-acetylglucosamine gave a similar degree of inhi- 
bition, whereas these sugars are without action on 
the B-enzyme. Similarly pD-galactono-y-lactone, 
which gave powerful inhibition of both a- and p- 
galactosidases, did not inhibit the destruction of 
B-serological activity. These results do not exclude 
the possibility that the B-enzyme has an «-galacto- 
sidase specificity, but suggest that if this attribu- 
tion is correct the enzyme must have strict speci- 
ficity requirements with regard to the aglycon 
which are not fulfilled by any of the low-molecular- 
weight «-galactoside substrates used in the present 
experiments. 

Agglutination- and precipitation-inhibition tests 
with simple sugars have suggested that an N- 
acetyl-«-galactosaminoyl structure plays an im- 
portant part in A-specificity (Morgan & Watkins, 
1953; Kabat & Leskowitz, 1955; Cété & Morgan, 
1956). The inhibition by N-acetylgalactosamine of 
the enzymic decomposition of A-substance (Watkins 
& Morgan, 1955a), taken in conjunction with the 
serological findings, suggested that the enzyme 
responsible for loss of A-activity is an «-galactos- 
aminidase. The results so far obtained do not 
enable the conclusion to be reached that the 
enzyme acting on methyl N-acetyl-«-galactos- 
aminide is identical with the enzyme acting on A- 
substance, but the pH optima, temperature- 
stability and susceptibility to inhibition by metal 
ions of the two enzyme activities are similar. When 
further purification procedures have been carried 
out it will be possible to determine whether these 
two properties remain closely associated and 
whether differences will be revealed by inhibition 
and activation experiments carried out with a 
wider variety of reagents. 

Earlier attempts to demonstrate the presence of 
fucosidases in the T’. foetus preparations by means 
of their action on methyl «- and £-fucopyranosides 
and furanosides were unsuccessful (Watkins, 1955). 
The rapid and extensive liberation of fucose from 
all the blood-group substances by the action of the 
crude 7. foetus preparation indicated, however, 
that an enzyme with fucosidase specificity must be 
present. Examination of the action of the enzyme 
preparation on fucose-containing disaccharides and 
oligosaccharides of known structure has now shown 
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enzymes, capable of hydrolysing «-L-fucosy] 
linkages. Thus fucose was readily liberated when it 
was joined by an a-1:2-linkage to galactose as in 
O-«-L-fucosyl-(1->2)-p-galactose, fucosidolactose, 
lacto-N-fucopentaose I or lactodifucotetraose, by 
an «-1:4-linkage to N-acetylglucosamine, as in 
lacto-N-fucopentaose II or by an «-1:3-linkage to 
glucose as is the second fucose linkage in lacto- 
difucotetraose (Table 3). The preparation failed to 
hydrolyse the three fucose-containing disaccharides 
from fucoidin, however, despite the fact that they 
contain the same three linkages as are found in the 
oligosaccharides from milk. This finding supports 
the conclusion that the nature of the aglycon is 
very important and that neither 4 methyl group 
nor a second fucose unit meets the specificity 
requirements of the enzymes. 

The demonstration of enzymes capable of split- 
ting fucosyl bonds is of especial interest from the 
point of view of the H- and Le*-enzymes. Sero- 
logical inhibition tests with simple sugars have 
suggested that, although the two serological 
characters are quite distinct, «-L-fucosyl units form 
an important part of the specific structures which 
determine both H (Watkins & Morgan, 1952; 
Morgan & Watkins, 1953) and Le* (Watkins & 
Morgan, 1957) blood-group specificity. The inhibi- 
tion by L-fucose of the enzymes in 7’. foetus pre- 
parations which destroy the serological activity of 
H-substance (Watkins & Morgan, 1955a) and Le’- 
substance (Watkins & Morgan, 1957) has supported 
these findings and has led to the assumption that 
the enzymes have «-fucosidase specificity. The 
greater lability of the Le*-enzyme than of the H- 
enzyme to both heat and storage suggests that 
different enzymes are involved in the serological 
inactivation of the two substances. Further 
experiments will need to be carried out before it 
can be determined whether the enzymes that have 
been shown to split «-L-fucosyl bonds are identical 
with the enzymes acting on either the H- or Le’*- 
specific structures. 

The powerful N-acetyl-8-glucosaminidase, and 
the weaker N-acetyl-8-galactosaminidase found in 
the 7’. foetus extracts would not be expected to play 
any part in the destruction of the serological pro- 
perties of A-, B-, H- and Le*-substances if the 
specificities predicted for the erzymes bringing 
about these changes are correct. However, 
structures containing N-acetyl-8-glucosaminoy] 
linkages exist in A-substance (Cété & Morgan, 
1956) and probably also occur in the other group 
substances. It is possible therefore that the p- 
glucosaminidase could effect changes in the mole- 
cules other than those leading to loss of serological 
specificity and the removal of this enzyme during 
purification of the crude 7. foetus extract would 
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seem desirable. The finding that both the N-acetyl- 
p-glucosaminidase and the N-acetyl-B-galactos- 
aminidase are inhibited by N-acetylgalactosamine 
to a greater extent than by N-acetylglucosamine 
shows that caution must be used in assuming that 
the sugars which are the most powerful inhibitors 
are of necessity those which are the products of 
enzyme action. Since the activity of the enzyme 
preparation towards o-nitrophenyl N-acetyl-f- 
glucosaminide is about ten times the activity 
towards o-nitrophenyl N-acetyl-f-galactosaminide 
it does not seem likely that the enzyme is acting on 
both substrates by virtue of a galactosaminidase 
specificity. It should perhaps be emphasized, 
however, that the specificities suggested for the 
A-, B-, H- and Le*-enzymes were based on the 
enzyme-inhibition results, taken in conjunction 
with a considerable amount of evidence from sero- 
logical inhibition studies which had pointed in each 
instance to the importance of a certain sugar for 
serological specificity. 

The exact changes involved in the development of 
a degree of H-specificity by A- and B-substances 
after enzyme treatment have not been determined ; 
the observation promises to be of importance, 
however, both from the point of view of structural 
studies and also in consideration of the biosynthesis 
of the blood-group materials. The finding that 
A-, B- and H-substances develop the capacity 
to cross-react with anti-type XIV pneumococcus 
horse serum after treatment with the 7’. foetus 
enzymes is also of considerable interest. The 
action of enzyme preparations from Cl. welchii 
(Buchanan et al. 1957) or Cl. tertiwm (Kabat, 1958) 
does not result in the development of type XIV 
cross-reactivity ; indeed, any pre-existing capacity 
of the blood-group materials to precipitate with the 
antiserum is destroyed by these enzymes. The 
presence of f-linked galactosyl-N-acetylglucos- 
amine units in both the type XIV polysaccharide 
and the blood-group mucopolysaccharides is 
believed to provide the basis for the cross-reactivity 
of the blood-group substances with anti-type XIV 
serum (see Kabat, 1956, 1958; Watkins & Morgan, 
1956). The three possible types of linkage for such 
a disaccharide unit are f-1:3, B-1:4 and £-1:6. 
contains enzymes 
capable of hydrolysing each of these linkages and it 
is therefore surprising that these structures in the 
blood-group substances, or in the type XIV poly- 
saccharide (Watkins, 1953), are apparently not 
attacked. 

In the present study no account has been taken 
of the proteolytic enzymes in extracts of 7’. foetus. 
There is much evidence to suggest that the speci- 
city of the water-soluble blood-group substances 
isdetermined to a large extent by the configuration 
of certain of the carbohydrate constituents; a role 
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for the amino acid components cannot be excluded, 
however, and recent unpublished observations of 
Mr A. Pusztai and Professor W.T. J. Morgan in this 
Department indicate that certain proteolytic 
enzymes can cause an extensive but limited loss of 
serological activity. When purified 7’. foetus enzyme 
preparations are available an examination will be 
made for peptidases and their possible action on the 
blood-group mucopolysaccharides. 

Future progress in the use of the enzymes which 
decompose blood-group substances will depend on 
the discovery of efficient methods for the separation 
and purification of the complex mixtures of en- 
zymes present in crude extracts of 7’. foetus. 


SUMMARY 


1. Cell-free extracts of Trichomonas foetus 
contain enzymes which destroy the serological 
properties of human water-soluble A-, B-, H- and 
Le*-blood-group substances. The optimum for 
each enzyme is between pH 6 and 7. 

2. Dialysis of the 7. foetus extracts against 
distilled water results in loss of enzyme activity on 
the blood-group substrates, but inactivation is 
reversed by the addition of salts. The enzymes 
acting on A-, B- and H-substances are stable to 
heating for 30 min. at 55° but considerable inacti- 
vation of the Le* enzyme occurs under these 
conditions. 

3. Incubation of A-, B-, H- and Le*-substances 
for 18 hr. at 37° with the 7. foetus extract results in 
the production of about 20% of reducing sugars 
and a liberation of fucose, galactose and N- 
acetylhexosamine. 

4. In addition to its action on the blood-group 
substrates the 7’. foetus preparation hydrolyses 
compounds of known structure containing «- or 
B-galactoside, «- or f-glucoside, N-acetyl-«- or 
-B-glucosaminide, N-acetyl-«- or -8-galactosamin- 
ide, «-L-fucoside or «-L-rhamnoside linkages. 

5. The possible relationships between the 
enzymes acting on the low-molecular-weight sub- 
strates and those acting on the blood-group sub- 
strates are discussed. 

I wish to thank Professor W. T. J. Morgan, F.R.S., for his 
helpful advice and interest and Dr Muriel Robertson, 
F.R.S., for the generous supplies of 7’. foetus organisms. 
I am grateful to Dr W. R. C. Crimmin for the preparation of 
certain of the enzyme substrates, and to Professor R. 
Kuhn, Professor P. Gyérgy, Dr R. H. Cété, Dr W. J. 
Whelan and Dr H. Feier for gifts of other materials used in 
this investigation. 
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In seeking to maintain isolated cerebral tissues in 
astate which approximates as closely as possible to 
their state in vivo, many aspects of their chemical 
and metabolic constitution have been explored (see 
Thomas, 1956; McIlwain, Thomas & Bell, 1956). 
Such investigations have concerned especially the 
labile constituents of the tissue, known to change 
rapidly when blood supply ceases, and have had as 
objective the reversal of such changes. 

Glutathione has now been examined from this 
point of view because it is present in considerable 
concentration in the brain, and can undergo rapid 
change there. Cerebral tissues possess a potent 
glutathione reductase (McIlwain & Tresize, 1957) 
and this led to special study, in the present work, 
of the oxidized and reduced forms of glutathione. 
Subsidiary investigations have concerned the 
assay of these two forms of glutathione and their 
determination in the brain of the rat and guinea 
pig rapidly fixed in situ. 


EXPERIMENTAL 


Quantities and concentrations of the oxidized form of 
glutathione (GSSG) are described throughout in terms of 
the equivalents of the reduced form (GSH) which they 
would yield on reduction. 


Determination of glutathione 


Established methods of determining the two forms of 
glutathione in the quantities in which they occur in small 
samples of cerebral tissues are not satisfactory. In 100 mg. 
of tissue, the quantities concerned are 0-01—-0-05 pequiv. as 
the oxidized and 0-1-0-4pequiv. as the reduced form. 
Because the existing chemical methods of determining the 
reduced form (see Patterson & Lazarow, 1955; Thomson & 
Martin, 1959) lack adequate sensitivity or specificity, we 
have preferred an assay based on glyoxalase. For determin- 
ing oxidized glutathione, some previous investigators have 
combined the glyoxalase assay with a preliminary chemical 
or electrometric reduction of solutions to be assayed 
(Dohan & Woodward, 1939). In the present work, based 
on @ loose analogy with the apozymase assay (Axelrod & 
Elvehjem, 1940), in which a yeast preparation is used to 
determine both oxidized and reduced cozymase, conditions 
were sought and found in which a washed yeast apogly- 
oxalase could itself be used to reduce the oxidized gluta- 
thione of the solutions being assayed. Francoeur & 


Denstedt (1954) observed that a preparation from lysed 
red cells, with certain additions, produced acid from 
methylglyoxal with either oxidized or reduced glutathione, 
but did not develop the system for assay. We preferred to 
base the present work on yeast apoglyoxalase, about which 
much more information is available (see Patterson & 
Lazarow, 1954). 

Apoglyoxalase. The preparation is based on that of 
Patterson & Lazarow (1955); this reference should be con- 
sulted for further details. It was carried out in a room at 
4° and with refrigerated reagents and equipment. Fresh 
baker’s yeast (1 lb.; The Distillers’ Co. Ltd., Croydon) was 
crumbled into acetone (1-5 1., A.R.) and stirred vigorously, 
mechanically, for 5min. The mixture was filtered by 
suction, and the solid stirred similarly with 500 ml. of 
acetone and again sucked dry on a filter; it could be left 
overnight at this stage. The solid was then suspended in 
11. of water, the suspension stirred for 5 min., and centri- 
fuged (1500 g, 20 min.); the supernatant was discarded and 
the washing repeated six times. The final solid, well packed, 
was stirred with 500 ml. of acetone, and filtered and dried 
by suction, and the process repeated twice with acetone 
and once with 300 ml. of A.R. ether, after which air was 
sucked through the residue on the Biichner funnel for 
30 min. It was then transferred to a desiccator and evacu- 
ated with a pump left running for several hours; calcium 
chloride and shavings of paraffin wax were added to the 
desiccator, which was re-evacuated and left overnight. The 
dried apoglyoxalase keeps in a refrigerator for several 
months without change in activity. A 20% (w/v) sus- 
pension in glass-distilled water was prepared immediately 
before use. 

Glutathione. The reduced form (The Distillers’ Co. 
Biochemicals Ltd., Liverpool) was found by iodine titration 
to be of 998% purity. The crystalline oxidized form 
(L. Light and Co.) was found by using glutathione reduc- 
tase to be of 97-100% purity. For assay, standard solu- 
tions of each, at 0-1 and 0-2 nequiv. of GSH/ml., were pre- 
pared in 3% (w/v) sulphosalicylic acid. 

Other reagents. The aqueous 30% solution of methyl- 
glyoxal supplied (L. Light and Co.) was distilled under 
reduced pressure (20mm. Hg) and the viscous yellow 
fraction, collected in a cooled receiver, was kept at — 20°. 
A 10% (w/v) solution in water was prepared immediately 
before use. NaHCO, soln. (0-8m) was equilibrated with 
N, + CO, (95:5, v/v). Sulphosalicylic acid (B.P.; 3%, w/v) 
was prepared in glass-distilled water. 

Assay. The rate of acid formation in the glyoxalase 
reaction was followed manometrically (see Patterson & 
Lazarow, 1955). A typical determination of reduced and 
total glutathione in four unknown solutions involved 16 
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manometers with vessels which were filled as indicated in 
Table 1. The vessels were gassed with N, + CO, (95:5, v/v), 
and shaken in a bath at 25° and after a further 10 min. 
their contents mixed by tipping. After 5 min. manometric 
readings were commenced and taken each 5 min. for 
35 min. The rate of evolution of CO, was obtained graphic- 
ally. Standard curves were constructed, and the gluta- 
thione content of the solutions assayed was read from such 
curves. Fig. 1 illustrates how, in this assay, GSSG acti- 
vated glyoxalase only in the vessels in which it had 
received prior incubation with the yeast preparation. 
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Fig. 1. Standardization of a batch of apoglyoxalase in the 
reaction mixture of Table 1. Rates of acid formation 
shown resulted from the inclusion of: O, the oxidized 
and A, the reduced forms of glutathione initially in the 
main parts of the vessels with the apoglyoxalase; and 
@, the oxidized and A, the reduced forms initially in the 
side arms. 
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GSH gave equal activation in the two experimental 
arrangements of Table 1. 

Fig. 1 shows the type of experiment run with each batch 
of apoglyoxalase to judge its suitability for use in assay, Jp 
each individual assay, only the four standards detailed in 
Table 1 were included; blank values were subtracted. 

Amperometric determination of glutathione. The values 
obtained by the glyoxalase method have been checked also 
by comparison with amperometric determination of glu. 
tathione, by the methods described by Thomson & Martin 
(1959). Close agreement has been found. Some values 
obtained amperometrically are included in Table 3. 


Tissues 

Fization in situ. Rats and guinea pigs of less than 100g. 
wt. were dropped head-first into a vacuum flask of liquid 
N,. After 5 min. immersion the brain was bared with a 
chisel cooled in the liquid N, and samples of about 100 mg. 
were added to tared tubes of ice-cold sulphosalicylic acid. 

Tissues fixed post mortem. Ox and sheep brain were 
removed by slaughter-house workers and placed on solid 
CO, 5-10 min. after killing the animals. Guinea pigs and 
rats were stunned by a blow on the back of the neck and 
exsanguinated, the brain was removed and blocks of tissue 
were cut and weighed on a torsion balance. Rabbits were 
killed by guillotining. 

Metabolic experiments. Guinea pig or rat brain was cut to 
slices 0-35 mm. thick, which were floated from the cutting 
blade to a dish of a glucose—phosphate medium containing 
134 mm-NaCl, 5-2 mm-KCl, 28 mm-CaCl,, 1-3 mm-MgS80,, 
10-4 mm-Na,HPO, and 10 mm-glucose, prepared as de- 
scribed by Rodnight & McIlwain (1954). Then they were 
trimmed to weigh 70-100 mg., drained from excess of 
medium by repeatedly touching a glass surface and 
weighed. Some were fixed at this stage and others after 
incubation in 3-5 ml. of medium in conventional mano- 
metric apparatus. In the instances quoted, anaerobic 
conditions were maintained with yellow phosphorus in the 
centre well. Under aerobic conditions, respiration was 
measured and found to be of 59-65umoles of O,/g. of 


Table 1. Glutathione assay: contents of vessels 


All vessels contained in the main compartment 1 ml. of 20% (w/v) apoglyoxalase and 0-025 ml. of water, after which 
additions were made in the order quoted in the Table. Vessels were filled and placed in a water bath at 25° in the following 
order: thermobarometer (2 ml. of water), GSH blank, two with GSH standard solutions, four with solutions to be assayed 
for GSH, four with solutions to be assayed for GSH and GSSG, two with GSSG standard solutions, the GSSG blank and a 


thermobarometer. 


Vessel 
compartment Reagent 
Main 0-8m-NaHCO, 
10% Methylglyoxal 
Sulphosalicylic acid 
GSSG standard or unknown in 
sulphosalicylic acid 
Side arm Sulphosalicylic acid 


GSH standard or unknown in 
sulphosalicylic acid 

0-8m-NaHCO, 

10% Methylglyoxal 


Content (ml.) in vessels for determining 
awn 





Y 


am 
Reduced glutathione Total glutathione 


Ac Cc ———$__—_———_——, 
Standard or Standard or 
Blank unknown Blank unknown 

0-125 0-125 0°35 0°35 
0-1 0-1 0 0 
0 0 0-5 0 
0 0 0 0-5 
0-5 0 0 0 
0 0-5 0 0 
0-25 0-25* 0-025 0-025 
0 0 0-1 0-1 


* Quantity determined by titration (see text) 
y y 
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GLUTATHIONE OF CEREBRAL TISSUES 


Table 2. Recovery of glutathione added in extracting cerebral tissues 
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The glutathione added was contained in sulphosalicylic acid added to the tissues, which were from guinea pigs, and 
which were extracted as described in the text. Where appropriate, mean values are followed by s.p. and in parentheses the 
number of observations. Figures in brackets under GSH refer to the change in GSH values after adding GSSG, as per- 
centage of the added GSSG. 


Glutathione 
(um.-equiv.) 








_ A~— Recovery 
Added Found (% of that added) 
Specimen —-ouw— 
(mg.) GSH GSSG. GSH Total GSH Total 
Animal 1. Slices of 
cerebral cortex 
95 0 0 123 160 a= o> 
97 0 0 127 167 — — 
92 100 0 210 260 89 103 
97 100 0 217 273 91 108 
97 0 100 = 270 105 
97 0 100 — 273 — 108 
Animal 2. Slices of 
cerebral cortex 
107 0 0 165 230 “= _— 
97 0 0 160 226 — -- 
96 0 40 150 260 [ -10] 110 
106 0 40 190 270 [ +48] 80 
99 0 200 170 440 [+6] 109 
105 0 200 190 450 [+11] 107 
Animals 1 and 2 Mean +s.pD. — 104+4 (8) 
Animal 3. Ground 
tissue 
100 0 0 18145 (4) 235-46 (4) —_ — 
100 150 0 32845 (4) 38147 (4) 98-44 (4) 97-44 (4) 
100 0 150 179+6 (4) 387+7 (4) [-1+5 (4)] 102+3 (4) 
Animal 4. Ground 
tissue 
60 0 0 ae 150-43 (5) — — 
60 0 120 =~ 266+5 (5) — 97+5 (5) 
tissue/hr. and unaffected by added glutathione. After determining the oxidized and reduced forms of glutathione 


chosen periods of incubation at 37° slices were removed 
promptly from the manometric vessels with a mounted 
bent wire. As glutathione had been added to the media 
during some experiments, all tissues were briefly (2 sec.) 
rinsed in a dish of medium lacking glutathione, and were 
then immediately extracted. A comparison of the dry 
weight of the original tissues and of tissues weighed at the 
stage described indicated that they had then absorbed 
fluids to the extent of 22% of their fresh weight (Rodnight 
& McIlwain, 1954). 

Extraction. Except when stated otherwise, fixation was 
in sulphosalicylic acid. The acid (1-5 ml.; 3%, w/v) was 
contained in a homogenizer tube in ice—water, and to this 
samples of approx. 100 mg. of tissue were added and 
immediately ground with a cold pestle. The mixture was 
kept at 0° for 30 min. and centrifuged, and the super- 
natant taken for assay. Both forms of glutathione were 
stable in such solutions for several days. The bicarbonate 
of the assay mixture is partly expended in neutralizing the 
sulphosalicylic acid, and the amount of bicarbonate used in 
assay is determined by titrating the extract to pH 7. Any 
dilution of the extracts must be made in 3% (w/v) sulpho- 
salicylic acid. 

Recovery of added glutathione. The use of the assay for 


in cerebral extracts was checked as indicated in Table 2. 
When recovery was attempted (Table 2) from slices of 
cerebral cortex, by adding quantities of oxidized or 
reduced glutathione comparable with those already 
associated with the tissue, no loss was found. Values were, 
however, scattered to a greater extent than was desirable 
in judging recovery. This was due to variation in gluta- 
thione content from slice to slice. Recovery from a cerebral 
‘homogenate’ (Table 2) was much more uniform and indi- 
cated no loss and no artificially high values. 


RESULTS 
Glutathione of tissues before metabolism in vitro 


The conflicting values which have been reported 
for the content of oxidized glutathione in cerebral 
tissues received comment earlier (McIlwain & 
Tresize, 1957). The present observations showed 
that the values depended greatly on the manner of 
removing the tissue for analysis (Table 3). In small 
laboratory animals the most satisfactory method of 
fixation for analysis of labile cerebral constituents 
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appears to be by dropping animals into liquid 
nitrogen (see Richter & Dawson, 1948; McIlwain, 
1956). Rats and guinea pigs so treated gave values 
for oxidized glutathione of only about 0-1 pmole/g. 
of tissue, or 2-5 % of the total glutathione. These 
low values are similar to the one result quoted for 
the rat by Fujita & Numata (1938). 

By contrast, when these animals and also rabbits 
were killed by a blow or by exsanguination, and the 
brain was removed, weighed and ground in fixing 
agent approx. 3 min. after death, values for oxid- 
ized glutathione were about 10 times as high. 
This increase was at the expense of the reduced 
form: values for total glutathione did not depend 
on the method of sampling. In ox and sheep also, 
the brain frozen a few minutes after death con- 
tained an appreciable amount of oxidized gluta- 
thione. In the rabbit the quantity of oxidized 
form had become about a quarter of the total, a 
value comparable with that reported by Kudry- 
avtseva & Kudryavtseva (1950). Examination of 
different parts of the brain showed the higher 
amount of oxidized glutathione in each part; 
values for total glutathione tended to be higher in 
grey matter than in white. In both the rat and 
guinea pig, concentrations of total glutathione were 
similar in young and adult animals (Table 3). 


Metabolism in vitro and the tissue 
content of glutathione 


Stunning or exsanguination, and removing the 
brain without freezing, is a normal preliminary to 


H. MARTIN AND H. McILWAIN 


1959 
study of cell-containing cerebral tissues in vitro; 
such studies thus commence with tissues abnormally 
high in oxidized glutathione. Subsequent slicing 
and placing the tissue in a medium at room tem. 
perature was found to have little effect on gluta. 
thione concentration. In reaching this conclusion, 
the correction of values for swelling of the tissue by 
uptake of fluid, explained in the Experimental 
section, is to be noted. 

Fig. 2 shows the fate of the tissue’s glutathione 
when, subsequently, the tissue slices were incu- 
bated in an oxygenated glucose—phosphate medium, 
Results in glucose—bicarbonate medium were 
similar. In the phosphate medium, both oxidized 
and reduced forms of glutathione suffered loss. The 
fall in oxidized glutathione represented a change 
towards normal values obtained in vivo, but even in 
2 hr. did not proceed to the low values found in vivo, 
The fall in total glutathione represented a diver. 
gence from concentrations found in vivo. Different 
conditions of incubation were therefore examined 
in search for circumstances tending to restore 
normal values. 

The tissue content of total glutathione was found 
to be successfully maintained when glutathione 
itself was added to the medium. Figs. 3 and 4 show 
that the reduced form of glutathione was more 
effective in doing this than was the oxidized form, 
when substances were added at ‘0-3 mm to oxy- 
genated glucose—phosphate media. This concentra- 
tion is between those found for the plasma (0-2 mm) 
and whole blood (1-3mm) of rabbit (unpublished 





Table 3. Glutathione of cerebral tissues sampled in different ways 


After sampling, as described in the Experimental section, all tissues were fixed by grinding in sulphosalicylic acid. 
Values are followed by standard deviation and (in the column headed Total) the number of animals sampled, except when 
they are the mean of only two or three results. Animals were adult except as stated. 


Animal; 
age (days); 
part of brain 
Rat; 34-36 days; 
whole brain 


Treatment of animal 
before sampling 


Dropped into liquid N, 


Guinea pig; 24 days; 
cerebral hemisphere 


Guinea pig; 3 days; 
whole brain 


Stunned; brain removed and placed Sheep; cortex 


in solid CO, Ox; cortex 
Ox; cerebellum 
Stunned or exsanguinated; brain Rat; cortex 


removed and fixed without 
freezing (adult animals) 


Rat; whole brain 
Rat; mid-brain 
Guinea pig; cortex 


Guinea pig; mid-brain 


Guinea pig; 


cerebral hemispheres 


Rabbit; cortex 


Rabbit; white matter 


from cerebellum 








Glutathione 
(equiv. of GSH/g. of fresh tissue) 
A 
t 
Total GSH GssG 
3-44+0-25 (6) 3-34+0-18 0-10 +0-12 
2:77 2-72 0-05 
2-20 (3)* 2-12* 0-08* 
2-88 2-56 0-32 
3-71+40-04 (4) 2-90 0-23 0-81 40-20 
2-50 +0-24 (4) 2-31-£0-08 0-20 -+.0-24 
3-58 +0-39 (6) 2-69 +.0-46 0-90 +.0:26 
3-43+0-12 (4) 2-92+0-18 0-51 40-32 
3-15 1-64 1-51 
2-92 +.0-19 (7) 2-61-40-16 0-31 40-10 
2-19 1-65 0-55 
2-92 +.0-32 (6) 2-48+0-12 0-44+40-1 
2-70 40-16 (6)* 2-48 +.0-17* 0-23 +0-03* 
3-07 2-33 0-74 
2-30 1-60 0-70 


* Amperometric determination; others were by glyoxalase. 
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results). Nevertheless, the oxidized form of gluta- 
thione in the tissue remained high, at 0-4-0-6 p- 
equiv./g., whichever form of glutathione was added 
to the medium. Added reduced glutathione acted 
more promptly than the oxidized form in restoring 
the tissue’s reduced glutathione to normal values. 

In attempting to restore the oxidized glutathione 
of the tissue to normal values, incubation under 
anaerobic conditions was examined. The absence of 
oxygen had, however, relatively little effect on 
values for either oxidized or reduced glutathione 
(Fig. 5). Glutathione levels proved similarly inde- 








Glutathione (equiv./g. of tissue) 





in 0 120 


20 60 
vivo Time of incubation (min.) 


Fig. 2. Glutathione of guinea-pig cerebral cortex before 
and after incubation in oxygenated glucose—phosphate 
media. Points indicate mean values of the number of 
determinations quoted by the ‘total’ line, and vertical 
lines extend from points for distances equal to the 
standard errors of the means. The values in vivo were 
obtained after dropping the animal into liquid N,, as 
described in the text. 
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120 


in O 20 
vivo Time of incubation (min.) 


Fig. 3. Glutathione of cerebral cortex before and after 


incubation with 0-3 mm-GSH. Other details are as given 
for Fig. 2. 
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pendent of the presence of glucose, in oxygenated 
phosphate media. Thus after incubation for 1 hr. 
in the absence of glucose, reduced glutathione was 
found at 1-69 and oxidized at 0-5 pequiv./g.; values 
with glucose in the same experiment were 1-36 and 
0-54 pequiv./g. 


DISCUSSION 


Comment may first be made on the present adapta- 
tion of the glyoxalase assay to determine both 
oxidized and reduced glutathione. As reduced 
glutathione is established as the coenzyme of 
glyoxalase and a substrate of glyoxalase I (Racker, 
1951), it is understandable that the reduced rather 
than the oxidized form should be ordinarily deter- 
mined by the yeast preparation. However, 


3 


Glutathione (zequiv./g. of tissue) 





in 0 20 60 120 


vivo Time of incubation (min.) 
Fig. 4. Glutathione of cerebral cortex before and after 
incubation with 0-3 m-equiv. of GSSG/l. Other details 
are as given for Fig. 2. 


Glutathione (sequiv./g. of tissue) 








in 0 20 60 


vivo Time of incubation (min.) 
Fig. 5. Glutathione of cerebral cortex before and after 
incubation anaerobically. Other details are as given for 


Fig. 2. 
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although the preparation can reduce the oxidized 
form when incubated with it for 10 min., it is 
perhaps surprising that such reduction does not 
occur during the ordinary assay of the reduced 
form. In explanation it may be significant that the 
incubation which brings about the reduction of 
oxidized glutathione is of yeast plus sample to be 
assayed, in the absence of methylglyoxal, whereas 
during assay methylglyoxal is, of course, present. 
Methylglyoxal reacts chemically and enzymically 
with several thiol compounds and may do so with 
a thiol essential for reduction of the oxidized gluta- 
thione. Glutathione reductase has been found to be 
susceptible to sulphydryl reagents (Asnis, 1955). 

The glutathione of cerebral tissues has proved to 
be one of their more stable constituents, when con- 
sidered as a single component, the sum of oxidized 
and reduced forms. The total cerebral glutathione is 
not rapidly degraded on death of an animal, as is 
glycogen, phosphocreatine or adenosine triphos- 
phate. Moreover, although loss occurs on incubat- 
ing cerebral tissues in simple fluid media, this is 
readily avoided by including glutathione, prefer- 
ably in the reduced form. 

The balance between the oxidized and reduced 
forms of glutathione is, however, much more 
labile, and susceptible to change with the condition 
of the tissue. Thus the oxidized form increased 
rapidly on the death of animals, and incubation of 
the separated tissue in oxygenated glucose media 
brought about only a partial return to the values 
in vivo. This may at first be thought due to oxy- 
genation during the experiments in vitro, for the 
outer parts of the tissue slice are exposed to higher 
oxygen tensions than those obtaining im vivo. 
However, even totally anaerobic conditions in vitro 
did not lead to more reduced glutathione. When, 
during other experiments in vitro, the tissue’s 
oxidized glutathione did decrease, the change was 
very slow. In Fig. 4 it approximated to 0-4 pequiv./ 
g. of tissue/hr., which contrasts with the rate of 
500 pequiv./g./hr. at which glutathione reductase 
can operate in cerebral extracts (McIlwain & 
Tresize, 1957). If this enzyme is effective in the 
cell-containing tissue, persistence of oxidized 
glutathione would presumably reflect a persistence 
of oxidized 2’-phosphocozymase. In the present 
simple saline mixtures, substrates are undoubtedly 
fewer than those supplied by the blood in vivo; it is 
quite feasible that this limitation to the experi- 
ments in vitro may be reflected in a balance 
between oxidized and reduced coenzymes in the 
separated tissue, which differs from that obtaining 
in vivo, and further investigations are in progress. 


SUMMARY 


1. By a simple modification of the assay of 
glutathione by yeast apoglyoxalase, both total and 
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reduced glutathione have been determined. Re. 
duction of oxidized glutathione is brought about 
by the enzyme preparation without additional 
manipulation. 

2. In the cerebral tissues of rats and guinea 
pigs rapidly fixed in situ, total glutathione approxi- 
mated to 3 equiv. of reduced glutathione/g. and the 
oxidized form, to 0-05—0-1 pequiv./g. 

3. In cerebral tissues removed rapidly at room 
temperature, from several mammalian species, the 
content of total glutathione differed little from that 
quoted, but oxidized glutathione had risen to 
0-3—1-5 pequiv./g. 

4. During respiration of cerebral tissues in vitro 
their total glutathione could be, maintained at 
concentrations found in vivo by incubation in 
oxygenated glucose media containing added 
glutathione. If glutathione was not added, lower 
values were found in the tissue. Oxidized gluta- 


thione during experiments in vitro was slowly 
reduced, but after 2 hr. at 37° remained much 
higher than in the tissue in vivo. 


We are greatly indebted to Dr L. Christine G. Thomson 
for carrying out amperometric determinations of gluta- 
thione, and to the Nuffield Foundation and to the Board of 
Governors of the Bethlem Royal Hospital and the Maudsley 
Hospital for support for these studies. 
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When cerebral tissues are incubated in glucose- 
containing media, addition of glutathione increases 
their aerobic glycolysis. This has led to suggestions 
that glutathione plays a part in the Pasteur effect 
(Geiger, 1935; Baker, 1937; Weil-Malherbe, 1938). 
The tissues’ respiration and glycolysis in glucose- 
containing media are increased also by electrical 
pulses and by 20-100 mm-potassium salts, and 
these increases are smaller in the presence of 
cysteine (McIlwain, 1954, and unpublished work). 

Cerebral respiration and glycolysis in vivo and in 
ordinary glucose media normally proceed at only 
1-4; of their maximal rates, and the actions of the 
thiols mentioned could bear on the mechanism by 
which such control is effected. Functions in regu- 
lating intermediary metabolism have frequently 
been ascribed to glutathione (see Barron, 1951; 
Racker, 1954). Accordingly, the concentrations of 
oxidized and reduced glutathione in cerebral 
tissues have been determined under different con- 
ditions and metabolic effects of glutathione, 
cysteine and related compounds further explored. 
In particular, their effects on inorganic phosphate 
and creatine phosphate have been examined, 
because earlier studies gave evidence for control of 
carbohydrate metabolism in cerebral tissues 
through their inorganic and labile phosphates 
(McIlwain, 1952a, b; 1959a). 


EXPERIMENTAL 


Media and experimental details not otherwise specified 
were those of McIlwain, Buchel & Cheshire (1951) and 
McIlwain (1951). 

Tissues, respiration and glycolysis. Guinea-pig or rat 
cerebral cortex prepared by dissection at room temperature 
was chopped (McIlwain & Buddle, 1953) or sliced while 
moistened with the medium of the experiment. The slices 
were trimmed to chosen sizes (60-100 mg.), drained by 
repeatedly touching a glass surface, and weighed and 
placed in 3 ml. of medium in conical manometric vessels of 
about 20 ml., within 20 min. of the death of the animal. 
Vessels were normally equilibrated with oxygen and shaken 
at 37° and oxygen uptake was measured by conventional 
procedures. In the experiments so indicated in Table 3, 
oxygen-free nitrogen was employed as the gas phase, but 
without reagents for absorbing oxygen. When KCl was 
added during an experiment it was present initially in a 
side arm as a M-solution, and 2:4-dinitrophenol as a mm- 
solution. Most experiments used six to eight samples of 


tissue obtained from one animal, and of these samples one 
or two were used as controls in media without further 
additions, while additions were made to the others. 

Lactic acid produced during metabolism was determined 
by applying the method of Barker & Summerson (1941) to 
samples of 0-5 or 1 ml. of medium removed promptly at the 
end of the manometric experiment. By employing the 
initial copper-lime precipitation, none of the substances 
added to the media was found to behave as lactic acid in 
this determination. In expressing lactic acid formation in 
pmoles/g. of tissue/hr., it was assumed that the rate of 
formation was uniform during the experiment; this 
assumption is an approximation (McIlwain, Anguiano & 
Cheshire, 1951). When potassium chloride or dinitrophenol 
had been added in the middle of the period of incubation, 
the effect of the added substance was calculated by com- 
paring the lactic acid formed in such vessels with that 
formed in others, run in parallel, but to which the addition 
had not been made. 

Tissue composition. When tissue phosphates were deter- 
mined, slices which had been incubated in glycylglycine- 
buffered media were rapidly removed from the mano- 
metric vessels with a mounted bent wire, drained for 
1-2 sec. on the side of the vessel and ground in 2 ml. of 
ice-cold 10% (w/v) trichloroacetic acid in a homogenizer 
tube. The slices were ground within 15 sec. of removing the 
manometric vessel from the thermostat. The procedure 
described by Heald (1954) was followed to obtain the 
barium salts of phosphates insoluble in water, and those 
soluble in water but insoluble in ethanol, and to determine 
inorganic phosphate in the former and creatine phosphate 
in the latter. 

For determining glutathione, slices removed in the same 
manner were quickly rinsed (1-2 sec.) in glucose—phosphate 
media and ground in 1-5 ml. of ice-cold 3% (w/v) sulpho- 
salicylic acid. Glyoxalase assay of the oxidized and reduced 
glutathione was completed as described by Martin & 
Mcllwain (1959; see also Thomson & Martin, 1959). 


RESULTS 
Respiration and glycolysis 


Several thiols have now been found to affect the 
respiration and glycolysis of cerebral tissues incu- 
bated in glucose-containing media. Aerobic gly- 
colysis was increased by 10-30 mm-reduced gluta- 
thione and by comparable or lower levels of cys- 
teine, homocysteine, mercaptoacetic acid and mer- 
captoethanol (Table 1). Alanine, glycine and 
ethanol did not have this action, nor did the oxidized 
form of glutathione; cystine did not act but is only 
slightly soluble. 
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The seven substances of Table 1 had little effect 
on respiration in ordinary media, though this was 
not always evaluated accurately owing to the 
auto-oxidation of several of the thiols. When 
media containing thiols in the concentrations used 
in the present experiments were shaken in oxygen 
at 37°, oxygen was absorbed. This caused pressure 
changes of up to 12 mm. Hg/hr.; the rates of ab- 
sorption decreased with time. If these changes 
were calculated as metabolic rates on the basis of 
an assumed 60 mg. of tissue, they corresponded to 
rates of 0-22 pmoles/g./hr. The addition of potas- 
sium chloride and 2:4-dinitrophenol did not affect 
the spontaneous oxidation. In Table 1, oxygen 
uptake in the presence of thiols and tissue is 
reported without correction for the pressure 
changes in the absence of tissue. This is done 
because cerebral tissues are known to protect some 
thiols from oxidation (Baker, 1937). Also, a major 
interest in the present respiratory measurements 
lay in the change brought about by the addition 
of potassium chloride. Rates of oxygen uptake 
were therefore obtained just before and after the 


H. McILWAIN 


1959 


addition, as indicated by the interrupted lines in 
Fig. 1, and it is these rates which are recorded in 
Table 1. 

Several of the thiols diminished the respiratory 
response of the tissue to 50 mm-potassium chloride 
(Table 1, Fig. 1). This was shown most clearly by 
cysteine (3 and 5mm), homocysteine (8-3 mm), 
mercaptoacetic acid (5-5 and 8-3mmM) and by 
mercaptoethanol (21 mmo), but not by glutathione, 
alanine, glycine or ethanol at comparable concen- 
trations. The thiols had relatively little effect on 
tissue glycolysis in the presence of 50 mm-potassium 
chloride. 

In the instances examined, thiols diminished 
also the increase in respiration normally brought 
about by 2:4-dinitrophenol. In experiments in 
phosphate media under the conditions of Table 1, 
50 pM-dinitrophenol increased the respiration of 
guinea-pig cerebral cortex from 63 to 140-160 ,- 
moles/g./hr., but after incubation in 21 mm. 
mercaptoethanol the increase was only to 80,- 
moles/g./hr., whereas in 5-5 mm-mercaptoacetic 
acid no increase occurred. 


Table 1. Effect of glutathione, cysteine and related compounds on respiration 
and lactic acid formation by cerebral cortex 


Guinea-pig cerebral cortical slices in glucose-phosphate media were employed, except as indicated below. The gluta- 
thione or related compound was present throughout the experiments in the vessels stated, but the KCl was added as a m 
solution from a side arm after incubation for 40 min., so increasing the K+ ions of the medium from 6 to 53 mm. All 
tissues were shaken for 80 min. at 37° with an O, atmosphere. Values are the mean of results from two or three slices. 
Values with the following substances did not differ from controls: ethanol, 6, 30 and 60 mm; glycine, 11 and 2-2 mm; 
alanine, 11 and 2-2 mm. 

Uptake of O, 
(umoles/g. of tissue/hr.) 


Formation of lactic acid 
(umoles/g./hr.) 


ee 


No KCl 


Added compound rr 
(mm) With KCl 

16, 18* 40, 50* 

20t 41t 

41,* 36+ _ 

30* 

22,* 25t 


With KCl 
149, 138* 
135,t 155t 


No KCl 
62, 65* 
60,} 65f 
GSH, 33 72,* 80t 140} 
10 64,* 66+ 130 
3-3 64* 115 
1 65* — 
GSSG, 10 58, 58f 126, 134+ 
3-3 57 130 — 
1 59 131 - 
L-Cysteine, 5 77* 72* 36f 
3 76,t 73 79,t 84,* 90 76,* 32+ 
75,4 74* 110,¢ 103* — 
0-6 78,* 69 120,* 118 -- 
61,¢ 68* 145* 43° 


pL-Homocysteine 8-3 65 93 39 43 
1-67 63 121 16 40 


Mercaptoacetic acid, 8-3 62 93 40 71 
55 56 70 28 53 
1-67 59, 58 121 21,7 15 60 
2-Mercaptoethanol, 21 60, 62+ 62, 607 27, 33 72, 397 
5 62, 57 120, 121+ 19, 21+ 37, 38T 
1-25 587 119 20 = 


None 


37t 
20* — 


50, 38+ 


L-Cystine (sat.) 


* Tissue chopped. + Medium buffered with glycylglycine. t Rat cerebral cortex, chopped. 
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Tissue composition 


The thiols that were studied brought about con- 
siderable changes in the phosphocreatine and 
inorganic phosphate of cerebral cortical tissues 
(Table 2). In concentrations which with the 
different compounds were between 1-7 and 33 mm, 
reduced glutathione, cysteine, mercaptoacetic acid 
and mercaptoethanol decreased the phospho- 
creatine content of the tissue and increased its 
inorganic phosphate. 

Moreover, these changes were correlated with 
actions of the thiols on carbohydrate metabolism. 
The concentrations of added compounds which 
decreased phosphocreatine to below 0-7 pmole/g. of 
tissue were those which increased aerobic glycolysis 





Uptake of O2 (ymoles/g.) 


60 120 

Time of incubation (min.) 

Fig. 1. Oxygen uptake in vessels containing chopped rat 
cerebral cortex in glucose—phosphate media, with and 
without the further addition of cysteine or cystine. 
Results in the presence of cysteine (3 mm) are given 
by the upper two curves, of which all ordinates have 
been increased by 50 umoles/g. for clarity in the diagram. 
Results in the presence of cystine (sat. solution) in 
the same experiment were indistinguishable from the 
lower two curves, which were obtained in the medium 
alone in the absence of cystine. Arrows indicate the 
time at which KCl (to 53 mm) was added in the vessels in 
which the oxygen uptake is represented by @; uptake 
without added KCl is represented by O. The interrupted 
lines are tangents to two of the curves, drawn at points 
just before and just after the addition of the KCl. 
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and diminished respiratory response to potassium 
salts. When (Fig. 2) all the values for phospho- 
creatine in Table 2 are plotted against the corre- 
sponding values for aerobic glycolysis, correlation is 
definite though not close (correlation coefficient 
0-59, 19 pairs of values). When, however, results 
with different concentrations of a given compound 
are compared, decrease in phosphocreatine is 
always associated with an increase in aerobic 
glycolysis. Similarly, decrease in phosphocreatine 
below 0-7 pmole/g. always diminished the respira- 
tion observed after adding 50 mm-potassium 
chloride. Oxidized glutathione, cystine, alanine and 
glycine at concentrations up to 10mm _ were 
without appreciable effect on the tissue content of 
inorganic or creatine phosphate. 

The diminution in phosphocreatine brought 
about by potassium chloride (see McIlwain,19526) 
is reproduced in these experiments. Usually an 
increase occurred in the tissue’s inorganic phos- 
phate when its phosphocreatine decreased. 

The glutathione of cerebral tissues, in contrast 
with their phosphocreatine, proved relatively 
stable in circumstances which greatly altered their 
carbohydrate metabolism (Table 3). Thus anaerobic 
conditions or the addition of potassium salts, 
which increase lactic acid formation, did not alter 
greatly the balance between oxidized and reduced 
glutathione. It is notable, however, that cystine 
increased the oxidized glutathione; it will be 
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20 30 40 
Accumulation of lactic acid 


(umoles/g. of tissue/hr.) 


Fig. 2. Comparison of the effects of added substances on 
the glycolysis and on the phosphocreatine content of 
guinea-pig cerebral cortical slices. Media and other 
conditions of the experiments were as described in 
Table 2, to which the numbers refer. Lines join points 
quoting results with media which differed only in their 
content of a particular added thiol. 























recalled that cystine was without appreciable 
effect on respiration or glycolysis (Table 1). 
Cysteine and ascorbate also increased the propor- 
tion of oxidized glutathione, to an extent which 
increased with time and is attributed to the oxid- 
ation of cysteine and ascorbate during the experi- 
ment. 
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Expt. no. Added compounds 
(see Fig. 2) (mM) 
1 None 
2 KCl, 50 
3 GSH, 33 
4 GSH, 10 
5 GSH, 5 
6 GSH, 5; KCl, 50 
7 GSSG, 10 
8 Cysteine, 5 
9 Cysteine, 5; KCl, 50 
10 Cysteine, 3 
ll Cysteine, 3; KCl, 50 
12 Cystine, sat. 
13 Mercaptoacetic acid, 5-5 
14 Mercaptoacetic acid, 5-5; KCl, 50 
15 Mercaptoacetic acid, 1-67 
16 Mercaptoethanol, 21 
17 Mercaptoethanol, 5 
18 Mercaptoethanol, 5; KCl, 50 
19 Mercaptoethanol, 1-25 

























1-6 wmoles/g. 
























































Additions 
Gas (mm) 
0, Glucose, 10 
0, Malate, 30 
O, Ascorbate, 30 
O, Glucose, 10; KCl, 40 
O, Glucose, 10; cysteine, 7 
0, Glucose, 10; cysteine, 30 
O, Glucose, 10; cysteine, sat. 
Nz Glucose, 10 
N, Glucose, 10; cysteine, 7 
N, Glucose, 10; cysteine, 30 
N, Glucose, 10; cysteine, sat. 














remained within the normal values quoted in Table 1. 





The limitation normally imposed on respiration 
and aerobic glycoiysis in cerebral tissues is well 
displayed in the present experiments. Respiration 
was increased from 60 to 150 umoles/g./hr., and 
lactic acid formation from 20 to 70 pmoles/g./hr., 
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Table 2. Effect of thiols and related compounds on tissue phosphates 


Creatine phosphate 
(umoles/g.) 
1-24+0-07 (5) 


0-31 
0-73 
0-9 

0-87 
0-33 
1-20 
0-21 
0-17 
0-38 
0-27 
0-95 
0-58 
0-32 
0-76 
0-23 
0-75 
0-50 
1-10 


3°80 
3-07 
2-88 
3°17 
4-25 
2-84 
3°49 
3°64 
2-76 
3-05 
2-24 
3-36 
4-54 
2-78 
3°74 
2-77 
3-19 
2-64 


Guinea-pig cerebral cortical slices were employed, after respiration in glycylglycine-buffered media under the conditions 
described in Table 1. Values are the means of results with two or three slices which agreed within 10%, except when the 
S.E.M. and number of determinations are quoted. Values with 2 and 5 mm-t-alanine and 11 mm-glycine did not differ from 


Inorganic phosphate 
(umoles/g.) 
2:79 +.0-18 (5) 





Incubation time (min.) 


7% 


Table 3. Proportion of oxidized glutathione in guinea-pig cerebral cortical slices 
after incubation in phosphate saline 


Slices of 80-100 mg. were shaken in 3-5 ml. of medium for the time indicated, and quickly rinsed in medium without the 
specified additions and ground in ice-cold sulphosalicylic acid. Glutathione was determined by glyoxalase and the values 
quoted are the mean of results with two or three slices which agreed to within 


%, except when the s.E.M. and number 
of values are indicated. The total glutathione in the different experiments and at the different times was between 1 and 








~ 
30 60 120 
Oxidized glutathione (% of total) 
, a, 
14 12+4 (7) 20 
19 16 22 
15 17 57* 
16 14 —_— 
“ 28 So 
27 47 — 
56 52 —_ 
1243 (4) a a 
28 - _- 
14 — ak 
52 _ — 


* At this time the oxygen uptake of tissues with ascorbate had fallen to 35 umoles of O,/g./hr. That of others in oxygen 
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by appropriate stimulation. For such changes to 
be mediated by glutathione, appreciable con- 
comitant alteration would be expected in the tissue 
content of the oxidized or reduced forms of this 
compound. Such alteration was not found. The 
reduced form of glutathione preponderated even 
aerobically, which presumably reflects the action of 
the potent glutathione reductase of the tissue 
(McIlwain & Tresize, 1957; MclIlwain, 1959b). 
However, cystine could increase oxidized gluta- 
thione: but this change did not bring about much 
alteration in glucose metabolism. 

On the other hand, the evidence connecting the 
concentration of phosphates in cerebral tissues with 
their rates of respiration and glycolysis (McIlwain, 
1952a, b, 1959a) has been extended. Increase in 
aerobic glycolysis by glutathione, cysteine, gluta- 
thione, mercaptoacetate or mercaptoethanol was 
accompanied by increased inorganic phosphate and 
decreased creatine phosphate. Comparable con- 
centrations of non-thiol analogues were without such 
actions. Glutamic acid has a specific action in 
lowering creatine phosphate in cerebral tissues 
(McIlwain, 19526) and also increases respiration 
and glycolysis when added to glucose-containing 
media (Weil-Malherbe, 1938; MclIlwain, 1959a); 
but the glutamic acid moiety does not appear 
likely to be responsible for the effects of gluta- 
thione, because oxidized glutathione did not have 
comparable action on creatine phosphate and 
glycolysis. 

In other circumstances in which increased 
glycolysis and decreased respiratory response have 
been associated with loss of labile phosphates from 
cerebral tissues, the changes in respiration and 
glycolysis have been regarded as resulting from the 
changes in phosphates (McIlwain, 1952a, b, 1959a). 
This is feasible, as inorganic phosphate and phos- 
phate acceptors are necessary for normal respira- 
tion and glycolysis and their quantities in the 
tissue are limited. The present findings are en- 
compassed within this general picture, which, 
however, leaves unknown the means by which the 
thiols decrease the amount of creatine phosphate. 


SUMMARY 


1. Inerease in aerobic glycolysis of cerebral 
cortical tissues by 10-30 mm-glutathione is paral- 
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leled by 3-20 mm-cysteine, homocysteine, mer- 
captoacetic acid and mercaptoethanol. 

2. Most of these substances diminished the 
respiration of cerebral tissues in media containing 
50 mM-potassium chloride. Specificity in both 
actions was shown by examining structurally 
related compounds. 

3. The changes in respiration and glycolysis 
could occur without appreciable change in the 
balance of oxidized and reduced glutathione in the 
tissue. Conversely, this balance could be disturbed 
without marked effect on glucose metabolism. 

4. The changes in respiration and glycolysis 
brought about by the thiols and other agents were 
associated with change in the tissue’s inorganic 
and creatine phosphates; tissue phosphates are 
regarded as the main factor in regulating the 
tissue’s glucose metabolism. 


I am greatly indebted to the Medical Research Council 
and the Nuffield Foundation for support for this work, and 
to Miss M. A. Tresize and Mr A. McNeil for assistance. 
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Samples of plasma obtained from animals which 
have been injected intravenously with heparin 
contain an active lipase. This plasma lipase can be 
conveniently studied in vitro by its ability to 
break down triglyceride which is added to the 
plasma in the form of a turbid lipid emulsion. The 
unesterified fatty acids released as lipolysis pro- 
ceeds go into solution in the plasma in combination 
with albumin and, in consequence, the turbidity of 
the system falls (see Robinson & French, 1957). 
Heparin which is added to normal plasma in vitro 
does not produce an active lipase capable of 
clearing a triglyceride emulsion and it is presumed 
that the production of lipolytic activity in plasma 
after the injection of heparin must require the 
participation of some component from the tissues. 

Other substances behave like heparin in inducing 
lipolytic activity in the blood on their injection: 
most of those found to be active have been sul- 
phated polysaccharides of high molecular weight 
(Constantinides, Cairns & Werner, 1954; Glazko, 
Strong & Kazenko, 1954; Gillman, Hathorn & 
Penn, 1956). 

In the present study the ability of several 
dextran sulphate preparations, of different mole- 
cular weights and sulphur contents, to induce an 
active lipolytic system in plasma has been in- 
vestigated. 


* External Staff of the Medical Research Council. 


EXPERIMENTAL 


Wistar-strain female albino rats with body weight between 
180 and 210 g. were used. Heparin and the various dextran 
sulphates were injected into the femoral vein in 0-9% Nal 
soln. The rats were bled under ether anaesthesia, through 
cannulae inserted into their abdominal aortae, and the 
blood samples were collected into 3-8% (w/v) trisodium 
citrate soln. so that the final proportion was 1 ml. of 
citrate soln. to 9 ml. of blood (French, Robinson & Florey, 
1953). Plasma was obtained by centrifuging the blood at 
2500 g for 15min. Plasma from animals injected with 
heparin will be referred to as heparinized plasma. 

Dextran sulphate preparations. The dextran sulphates 
were prepared and isolated as their sodium salts as de- 
scribed by Ricketts (1952). They can be divided into two 
groups (see Table 1). Those in group 1 range in S content 
from 2-3 to 16-2%, but are of the same molecular size, 
They were prepared from a single dextran sulphate, L3, 
which showed considerable heterogeneity of S content 
(average content, 10-9%), by graded precipitation of the 
cetyl trimethyl-ammonium salt from 2M-NaCl soln. by the 
addition of water (cf. Scott, Gardell & Nilsson, 1957). The 
fractions were reconverted into the sodium salts for analysis 
and for testing. 

The preparations in group 2 all have a high 8 content but 
their average molecular weights range from 5000 to 
several million. They were made by sulphating dextran of 
the stated intrinsic viscosity. The estimate of mol.wt. is 
based upon the viscosity and takes into account the re- 
placement of H by SO,Na (Ricketts, 1952). 

Some of the properties of similar dextran sulphates have 
been described by Walton (1952, 1953, 1954). Dextran 


Table 1. Some properties of the dextran sulphate preparations used in this investigation 


L 3/7, 8 and 9 are each relatively homogeneous in S content. B 13 is the type of dextran sulphate used clinically as an 
anticoagulant. D5 is a relatively homogeneous fraction prepared from plasma-substitute dextran. GA1 is prepared from 
a dextran of higher mol.wt. than appears in dextran plasma substitute and is fractionally precipitated from ethanol—water 
to remove the smaller molecules. AL is prepared from undegraded dextran. 


Intrinsic 


Sin 


viscosity of sodium salt Approx. estimate 
Group Preparation original dextran (%) of mol.wt. 


1 L3/7 oe 
L3/8 0-03 
L3/9 ste 
B13 0-03 
E2 0-12 
D5 0-32 
GAl 0-62 
AL 1-15 


16-2 

13-9 5 x 108 
2-3 

18-9 5 x 108 

12-6 2°5 x 104 

15-6 2 x 105 

16-1 1-2 x 10° 

16-9 >2 x 106 
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sulphates D1 and E1 in his study correspond to the dextran 
sulphates D5 and E2 used in this investigation. Dextran 
sulphate B13 is similar to his dextran sulphate 13. 

The heparin used in this study was a commercial pre- 
paration (Pularin-Evans: 100 units/mg.) and contained 
121% of S. 

Determination of clearing and lipolytic activity. The 
lipolysis of a turbid triglyceride emulsion by an active 
plasma is accompanied by a reduction in the turbidity due 
to the emulsion as well as by a release of unesterified fatty 
acids and of glycerol. 

A suitable technique for the measurement of this 
reduction in turbidity which uses chyle, collected from the 
thoracic ducts of rats which have been fed with olive oil as 
lipid emulsion, has been developed and has already been 
described (French et al. 1953; Robinson & French, 1953). 
Briefly, clearing of the turbidity is followed in a Hilger 
Spekker photoelectric absorptiometer modified to carry 
matched 2 ml. test tubes (internal diam., 0-5 cm.). The 
test tubes containing the active lipolytic system are incu- 
bated at 37° and the appropriate volume of chyle is added 
with a micropipette. After mixing the contents, serial 
readings of turbidity are taken at frequent intervals. 
Initially, clearing of the turbidity occurs at a constant rate 
and it is this initial rate of clearing which is expressed in 
the results as a decrease in extinction in a given time. 

The active lipolytic system to which the chyle is added 
usually contains, as well as the active plasma, an aq. 10% 
(w/v) bovine albumin soln. at pH 8-2: the pH of this 
albumin solution is adjusted electrometrically with 0-01N- 
NaOH. No buffer solution is used. The albumin provides 
excess of acceptor for the unesterified fatty acids which are 
released as clearing proceeds, and there is only a very 
slight fall in pH during the course of the enzyme reaction 
(Robinson & French, 1953; Robinson, Jeffries & French, 
1954). 

The exact composition of the lipolytic system used 
varied from experiment to experiment and is given in the 
legends to the Figures. The total fatty acid content of the 
chyle samples varied between 20 and 80mg. of fatty 
acid/ml. 

In some experiments, lipolytic activity was also deter- 
mined by measuring the glycerol produced by the hydro- 
lysis of the triglyceride of the chylomicra. Glycerol was 
determined by its conversion into formaldehyde and the 
measurement of the latter by a colorimetric technique 
(Korn, 1955). The presence of plasma interfered to a slight 
extent with the colour development under the conditions 
used, and a glycerol solution containing the same proportion 
of plasma as was present in the test samples was used to 
prepare standard curves. 


RESULTS 


Effect of the sulphur content of dextran sulphate 
preparations on the clearing activity induced in 
plasma by their injection 

The three dextran sulphate fractions in group 1 

were all of low molecular weight but differed in 

their sulphur content (see Table 1). 

Each fraction was tested for its ability to induce 
clearing activity by its injection into groups of 
rats (three animals/group). The rates of clearing of 


LIPASE INDUCTION BY INJECTED DEXTRAN SULPHATE 
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Decrease in extinction 


0 
Heparin 7 8 9 


Dextran sulphate 09% NaCl 
L3 fraction soln. 
Substance injected 
Fig. 1. The clearing activity induced by dextran sulphate 

preparations of different S contents. Heparin and dextran 
sulphate fractions L3/7 (16-2% S), L3/8 (13-9% 8S) and 
L3/9 (2:3% 8S) were injected in 10yug. amounts into 
groups of rats. A group of control rats was injected with 
0-9% NaCl soln. The rats were bled 3 min. after their 
injection and the clearing activity of their plasma was 
measured by incubating 1 ml. of plasma with 42yl. of 
chyle at 37°. The height of each column represents the 
decrease in the extinction in 15 min. of individual 
plasma—chyle systems. 


added chyle by the plasma samples obtained from 
the rats are shown in Fig. 1. 

The clearing activity induced by the different 
preparations fell as their sulphur content was 
reduced. The most highly sulphated preparation 
(L3/7) had about 60-70% of the activity of the 
same amount of heparin and the least highly sul- 
phated preparation (L3/9) had about 10% of the 
activity of heparin. Fraction L3/9 showed no 
anticoagulant activity when tested as described by 
Ricketts & Walton (1953). 

The amount of heparin injected was in the range 
where the clearing activity induced was propor- 
tional to the quantity of heparin injected (Robin- 
son, Jeffries & Poole, 1955). 


Effect of the molecular weight of dextran sulphate 
preparations on the clearing activity induced in 
plasma by their injection 


The five dextran sulphate preparations in group 2 
were of similar sulphur content but varied widely 
in their molecular weight (see Table 1). In a 
preliminary experiment the ability of each fraction 
to induce clearing activity in rats was assessed. 
Rats were bled after being injected with varying 
concentrations of the different dextran sulphates 
and the rates of clearing of added chyle by the 
plasma samples obtained were measured in vitro 
(Fig. 2). 

There appeared to be marked differences in the 
clearing activity produced by the various prepara- 
tions. In general, a rise in the molecular weight of 
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the dextran sulphate injected was accompanied by 
a fall in the clearing activity, which could be 
detected in vitro. The activity of the low-molecular- 
weight preparation B13, was, except at the highest 
concentrations tested, 50-60 % of that of heparin. 
Preparations E2 and D5 were less active and, at 
the highest concentrations tested, there appeared 
to be a fall in the activity which they induced. 
When 0-25 mg. of either of these preparations was 
injected the activity induced was 20-40 % of that 
induced by the same amount of heparin. Prepara- 
tions GAl and AL produced very little activity 
on their injection. 


4-75 
45 

4-25 
1-00 
0-75 
0-50 


Decrease in extinction 


0-25 


Amount 0 
injected BR BRZs Bs 


(xg. 
= = gs &2 substance 
Heparin GA1 AL _ injected 

Fig. 2. The clearing activity induced by dextran sulphate 
preparations of different molecular weights. Heparin and 
the dextran sulphates B13, E2, D5, GA1 and AL were 
injected in varying amounts into rats. The rats were bled 
3 min. after their injection and the clearing activity of 
their plasma was measured by incubating 1 ml. of 
plasma with 0-3 ml. of 10% albumin soln. in water 
(pH 8-2) and 0-1 ml. of chyle at 37°. The height of each 
column represents the decrease in the extinction in 
30 min. of each plasma—albumin-chyle mixture. 
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The ability of the preparations to induce both 
clearing and lipolytic activity was studied in more 
detail by injecting 0-25 mg. of each into groups of 
rats (three animals/group). This amount of 
dextran sulphate was chosen since it appeared 
from the results of the preliminary experiment that 
it might induce the greatest activity in the plasma. 

The rates of clearing and lipolysis of added chyle 
by the active plasma samples obtained from the 
rats were measured. The results are shown in 
Fig. 3. The pattern of both lipolytic and clearing 
activity is in agreement with that found in the 
previous experiment. The activity of the prepara- 
tion B 13 is 60-80 % of that of heparin; the activity 
of E2 and D5 is 20-30 % of that of heparin. The 
activity of GA1 and AL is negligible. 


Inhibition by dextran sulphates of high molecular 
weight of the clearing activity induced in plasma by 
heparin injection 


Walton (1952) and Oncley, Walton & Cornwell 
(1957) have described the interactions of high- 
molecular-weight dextran sulphates with fibrinogen 
and with f-lipoproteins. In the experiments which 
have been described above, though the quantities 
of dextran sulphate injected were less than those 
used in Walton’s experiments, a similar interaction 
presumably occurred. It is also known that high 
concentrations of heparin will inhibit the clearing 
activity of heparinized plasma in vitro (Brown, 
Boyle & Anfinsen, 1953). That is, heparin itself, in 
high concentrations, inhibits the lipase which it 
induces. 

In view of these observations the possibility that 
dextran sulphate preparations of high molecular 
weight might inhibit the clearing of added chyle by 
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Fig. 3. The clearing and lipolytic activity induced by dextran sulphate preparations of different molecular weights. 
Heparin and the dextran sulphates B13, E2, D5, GA1 and AL were injected in 250yg. amounts into groups of 
rats. The rats were bled 3 min. after injection and 0-8 ml. samples of their plasma were incubated with 0-3 ml. of 
10% albumin soln. in water (pH 8-2) and 0-1 ml. of chyle at 37°. The decrease in extinction in each plasma—albumin- 
chyle mixture in 30 min. is represented by the heights of the filled-in columns. Triplicate samples (0-03 ml.) were also 
removed from the mixtures for the determination of glycerol. The release of glycerol in each system in 30 min. is 


represented by the heights of the open columns. 
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heparinized plasma was investigated. This was 
done in two ways. 

First, plasma samples obtained from rats which 
had been injected with the various dextran sul- 
phates were tested for their ability to reduce the 
rate of clearing, by a sample of heparinized plasma, 
of added chyle. It was found that plasma samples 
from animals injected with the preparations D5, 
GAl and AL markedly reduced the ability of 
heparinized plasma to clear added chyle. 

In a second experiment the ability of the various 
dextran sulphate preparations to inhibit the 
clearing activity of heparinized plasma was tested 
directly by adding the dextran sulphates to samples 
of heparinized plasma and chyle. The results of this 
experiment are shown in Fig. 4. 

Whereas heparin itself and dextran sulphate 
B13 inhibit the clearing activity of heparinized 
plasma slightly at the concentrations used, pre- 
paration D5 reduces the activity by 50-60% and 
preparations GA1 and AL reduce the activity by 
about 80 %. The final concentration of heparin and 
dextran sulphate in this experiment was approxi- 
mately the same as that reached in the plasma of 
the rat after the injection of 100 ug. of material/ 
200 g. body wt. 

The inhibition of clearing activity by the 
dextran sulphate preparations of high molecular 
weight could be due to their interaction with either 
the lipase or with the lipase substrate, the chylo- 
micron triglyceride, or to their interaction with 
both the lipase and its substrate. Evidence for a 
combination of the dextran sulphate with the 
chylomicron has been obtained as follows. 

A sample of chyle (1 ml.) was suspended in 
09% sodium chloride solution (5-5 ml.) and centri- 
fuged at 114 000 g for 30 min. in the Spinco ultra- 
centrifuge. The fatty layer at the surface of the 
centrifuge tube was recovered and redispersed in 
1ml. of 0-9 % sodium chloride solution. The infra- 
natant solution and any precipitate of cells were 
rejected. A 1% solution of the dextran sulphate 
AL (0-1 ml.) was added to the lipid emulsion and 
the mixture was incubated at 37° for 30min. A 
small sample (A) of the mixture was retained and 
5-5 ml. of 0-9 % sodium chloride solution was added 
to the remainder, which was then centrifuged at 
114.000 g for 30 min. The lipaemic layer was re- 
covered, redispersed in 0-9% sodium chloride 
solution and recentrifuged twice more before being 
finally collected in 1 ml. of 0-9% sodium chloride 
solution (B). The infranatant solutions from the 
first (C) and last centrifuging (D) were retained. 

In confirmation of the results of the earlier 
experiments it was found that, in the presence of 
a high concentration of the preparation AL, 
chylomicra could not be cleared by heparinized 
plasma (Table 2). Furthermore, it was not possible 
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Fig. 4. The inhibition of the clearing activity of heparin- 
ized plasma by various dextran sulphate preparations. 
The degree of inhibition was determined in systems con- 
taining 0-2 ml. of heparinized plasma, 30yl. of chyle, 
0-3 ml. of 10% albumin soln. in water (pH 8-2), 0-9 ml. 
of normal plasma and 0-1 ml. of either water or a solu- 
tion in water of either heparin or a dextran sulphate 
preparation (final conen., l5yg./ml.). Heparinized 
plasma was obtained from rats injected with 250 ug. of 
heparin and bled 3 min. later. The height of each column 
represents the decrease in the extinction of each system 
in 30 min. at 37°. 


Table 2. Inhibitory effect of the dextran sulphate 
preparation AL on the clearing of chyle by heparin- 
ized plasma 


The experiment is described in the text. The fall in 
extinction at 37° was followed in systems containing, in 
addition to the lipid mixtures described below, 0-2 ml. of 
10% albumin soln. in water (pH 8-2), 0-6 ml. of normal 
plasma and 0-2 ml. of heparinized plasma obtained from 
animals bled 3 min. after the injection of 10 units of 
heparin/kg. body wt. 

Fall in extinction 
Lipid mixtures in 30 min. 
40 pl. of chyle 0-71 
40 pl. of A 0 
40 yl. of B 0-08 
40 ul. of chyle +0-1 ml. of C 0-09 
40 pl. of chyle + 0-1 ml. of D 0-55 


to remove the inhibitory effect of the preparation 
AL by repeated washing of the lipid preparation 
with 0-9% sodium chloride solution. The infra- 
natant solution from the final centrifuging had 
very little inhibitory effect on the clearing of chyle 
by heparinized plasma. 

It may be concluded therefore that the dextran 
sulphate preparation AL interacts with the chylo- 
micron and this may be the explanation of its 
inhibition of the lipase action: however, it is also 
possible that, though the dextran sulphate com- 
bines with the chylomicron and is carried with it 
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under the above experimental conditions, its in- 
hibitory effect is nevertheless subsequently ex- 
erted on the lipase itself. 


Ability of protamine to reverse the inhibition of 
clearing activity caused by dextran sulphate pre- 
parations of high molecular weight 
The direct inhibition of clearing activity by the 

dextran sulphate preparations of high molecular 

weight suggests that, even if such preparations did 

induce activity in plasma on their injection, this 

activity would not be directly measurable in vitro. 

It is known that protamine will combine with the 
acid groups of heparin and prevent its action as an 
anticoagulant (Chargaff & Olson, 1937; Jaques, 

1943). Presumably, a similar interaction might 

occur between protamine and the acid groups of 

dextran sulphate and this interaction might 
abolish the inhibitory activity of the high-mole- 
cular-weight dextran sulphates. This possibility 
was investigated by determining the effect of prot- 
amine on the clearing and lipolytic activity of 
plasma samples obtained from rats which had been 
injected with certain of the dextran sulphate pre- 

parations. The results are shown in Table 3. 

In the presence of increasing quantities of prot- 
amine there is a progressive rise in the clearing and 


Table 3. Effect of protamine on the lipolytic and 
clearing activity induced in plasma by the injection 
of heparin and various dextran sulphates 


The fall in extinction at 37° was followed in systems 
containing 0-2 ml. of 10% (w/v) albumin soln. in water 
(pH 8-2), 0-02 ml. of chyle, 0-2 ml. of protamine sulphate 
solution and 0-5 ml. of plasma from rats bled 3 min. after 
the injection of 250g. of either heparin or the dextran 
sulphate preparation D5, GA1 or AL. Triplicate samples 
(0-06 ml.) were also removed from each mixture after 0 
and 30 min. for the determination of glycerol. 


Lipolytic 
activity 
(ug. of glycerol 
extinction released/ 
injected (ug-/ml.) in 30 min.) 30 min.) 


D5 0 0-13 6:3 
10 0-18 7-9 
60 0-35 25 

200 0-38 30 

0 0-06 0 
10 0-08 6-7 
0-40 23-5 
0-38 31-5 

0-08 0 

0-21 10 
0-26 20-5 

0-26 19 

0-78 57 

0-92 69 

0-83 48 

0-76 40 
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activity 
(decrease in 
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lipolytic activity of plasma samples obtained from 
animals injected with the high-molecular-weigh; 
dextran sulphate preparations D5, GA1 and AL, 
The clearing and lipolytic activity of samples of 
heparinized plasma is relatively unaffected. 

It appears therefore that the high-molecular. 
weight dextran sulphate preparations do induce 
clearing and lipolytic activity on their injection 
but that this is demonstrable at a high level in 
plasma in vitro only if the direct inhibition of the 
activity by the dextran sulphates themselves is 
prevented. 


Production of clearing actiwity by the 
dextran sulphate preparations D5 and AL 


It was of interest to determine how soon after 
the injection of the high-molecular-weight dextran 
sulphate preparations D5 and AL clearing activity 
could be detected in the plasma. In view of the 
results already obtained, it is evident that the 
activity induced could only be determined in vitro 
in these circumstances in the presence of protamine. 

Accordingly, groups of rats were bled at different 
times after the injection of the dextran sulphate 
preparations. In each case the plasma was separ- 
ated and added to a tube containing protamine 
and albumin in solution at 0°. After 10 min. at 0°, 
chyle was added to each tube and, after a further 
10min. at 0°, clearing of the added chyle was 
followed at 37°. This order of addition of reactants 
was followed since, as will be described below, it 
was found that the activity of the clearing system 
was rapidly destroyed at 37° in the presence of 
protamine if chyle, the substrate of the enzyme, 
was absent. 





Decrease in extinction 








DS Time (sec.) 


Fig. 5. The clearing activity induced by the injection of 
250 ug. of the dextran sulphate preparations D5 and AL. 
Groups of rats were bled 30, 90 or 180 sec. after their 
injection. Each plasma (0-4 ml.) was mixed at 0° with 
0-2 ml. of 0-05% protamine soln. and 0-3 ml. of 10% 
albumin soln. in water (pH 8-2). After 10 min. 20 yl. of 
chyle was added and, after a further 5 min. at 0°, the 
decrease in the extinction of each system was followed at 
37°. The height of each column represents the decrease in 
the extinction in 30 min. of an individual plasma system. 
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The results in Fig. 5 show that clearing activity 
is present in the blood within 30sec. of the in- 
jection of the dextran sulphate preparations D5 
and AL. 


Effect of protamine on the stability of the enzyme 
system induced in plasma by heparin and dextran 
sulphate 


In a previous study (Robinson, 1956) it was 
shown that, when heparin was removed from 
heparinized plasma on a column of an anionic- 
exchange resin, the clearing activity of the eluate 
from the column was lost very rapidly at 37°. 
Activity was maintained at 37° if heparin was 
added to the eluate. It was concluded that the 
stability of the enzyme system in heparinized 
plasma was due to the presence of heparin. 

Since protamine was presumably combining 
with heparin and dextran sulphate in the plasma in 
the experiments which have already been described, 
it seemed possible that the stability of the enzyme 
system might also be reduced in these circum- 
stances. The following experiment suggested that 
this was so. 

Samples of heparinized plasma were incubated 
for a short time at 37° with varying concentrations 
of protamine. After cooling to 0°, chyle was added 
to each plasma sample and the rate of clearing of 
the chyle was measured at 37°. In a control series 
the plasma samples were first incubated alone at 
37° before the protamine solutions and chyle were 
added at 0°, and the clearing of the chyle was 
followed at 37°. 


Table 4. Effect of protamine on the stability of the 
enzyme system induced in plasma by the injection 
of heparin 


Rats were injected with 0-25 ml. of heparin soln. 
(100ug./ml.) and bled 3 min. later. In the test systems 
05 ml. of plasma was incubated for 10 min. at 37° with 
03 ml. of 10% albumin soln. in water (pH 8-2) and 0-2 ml. 
of protamine sulphate soln. Then, at 0°, 0-03 ml. of chyle 
was added and the clearing of the added chyle was followed 
at 37°. In the control systems 0-5 ml. of plasma was 
incubated for 10 min. at 37° with 0-3 ml. of the albumin 
soln. and then mixed, at 0°, with 0-2 ml. of the protamine 
sulphate soln. After 10 min. 0-03 ml. of chyle was added 
and, after a further 5 min. at 0°, clearing of the added 
chyle was followed at 37°. 

Decrease in extinction 
Final in 15 min. 
protamine concn. - a , 
(mg./ml.) Control 


0-4 0-19 
0-2 0-18 
0-15 0-18 
0-1 S 0-23 
0-05 0-26 
0-02 "25 c 

0 ef 0-20 
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The results in Table 4 show that the clearing 
activity of heparinized plasma was destroyed in 
10 min. at 37° in the presence of a sufficiently 
high concentration of protamine. In this experi- 
ment, as the final protamine concentration was 
raised from 0-05 to 0-2mg./ml., the clearing 
activity of the plasma after incubation at 37° fell to 
zero. In the control series clearing activity could 
be demonstrated at all the concentrations of prot- 
amine tested. 

It was found, however, that in the control series 
in the presence of high concentrations of protamine, 
the rate of clearing of chyle by the heparinized 
plasma fell off rapidly as the reaction proceeded. 
Thus when the final protamine concentration was 
0-2 mg./ml., the fall in extinction initially was 
0-12/10 min., and this had declined, after clearing 
for 30 min., to 0-04/10 min. In the absence of prot- 
amine, on the other hand, the fall in extinction 
initially was 0-15/10 min., and, after 30 min., was 
0-13/10 min. 

This suggests that the instability of the enzyme 
system in heparinized plasma in the presence of a 
sufficiently high concentration of protamine per- 
sists in the presence of chyle. This is in contrast 
with the protective effect of chyle on the clearing 
activity of heparinized plasma from which heparin 
had been previously removed by treatment with an 
anionic-exchange resin (Robinson, 1956). 


DISCUSSION 


From the results of this study the level of clearing 
activity induced in plasma by the injection of 
dextran sulphate appears to be directly related to 
the degree of sulphation of the dextran sulphate 
molecule. However, it appears that factors other 
than the degree of sulphation of the molecule may 
also be important, since none of the dextran 
sulphate preparations, with a sulphur content 
equal to or greater than that of heparin, was as 
efficient as heparin in inducing clearing activity in 
plasma. 

It is not possible to determine the effect of the 
molecular weight of the injected dextran sulphate 
on the level of clearing or lipolytic activity induced 
in the plasma since the preparations of high 
molecular weight markedly inhibit the enzyme 
system which they induce. It is at least partly for 
this reason that the level of activity which can be 
directly demonstrated in vitro falls with an in- 
crease in the molecular weight of the preparation 
injected. In the presence of protamine, which 
presumably combines with the dextran sulphate 
and abolishes its inhibitory effect, the clearing 
activity produced by the dextran sulphates GA1 
and AL, each of which has an average molecular 
weight of over a million, is raised from a negligible 


19-2 
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value to a level which approaches that produced by 
the preparations of much lower molecular weight. 
The possibility that in the preparations GA1 and 
AL there are a few dextran sulphate molecules of 
a low molecular weight, which are really responsible 
for the clearing activity produced under these 
conditions, cannot be excluded, though prepara- 
tion GA1 was fractionated to remove smaller 
molecules and preparation AL was prepared from 
undegraded dextran. 

The observation that the stability of the enzyme 
system in heparinized plasma is markedly reduced 
in the presence of protamine suggests that the 
apparent inhibition of the clearing of chyle by 
heparinized plasma in the presence of protamine 
which was previously reported (Robinson et al. 
1954) may, in fact, have been due to the rapid 
destruction of the enzyme in these circumstances. 
It is also possible that the ability of injected prot- 
amine to increase alimentary lipaemia and to 
delay the removal of ingested or injected fat from 
the blood may be partly explained by a reduction of 
the stability of the same lipolytic enzyme system 
(Brown, 1952; Spitzer, 1953; Bragdon & Havel, 
1954; French & Morris, 1957). 

It is possible that some component necessary for 
the activity of the lipolytic system induced in 
blood by the injection of heparin or dextran 
sulphate is normally located on the inner surface of 
the vascular wall and is released from there into the 
bloodstream (see Robinson & French, 1957). Such 
a component could be either the lipase itself or 
some substance capable of initiating lipolytic and 
clearing activity in the plasma. The observation 
that the dextran sulphate preparations, D5 and 
AL, with average molecular weights of 200 000 and 
more than a million respectively, induce clearing 
activity in the plasma within 30sec. of their 
injection is in accordance with this view. 


SUMMARY 


1. Plasma samples obtained from rats which 
have been injected with dextran sulphate contain 
an active lipase. The activity of this enzyme can be 
measured by the ability of an active plasma sample 
to clear the turbidity of chyle added to it in vitro. 

2. The level of activity induced by the injection 
of dextran sulphate is directly related to the degree 
of sulphation of the dextran sulphate molecule. 

3. With an increase in the molecular weight of 
the dextran sulphate injected the level of clearing 
activity demonstrable in vitro falls. This is at least 
partly due to the inhibition of the clearing activity 
by the high-molecular-weight dextran sulphates 
themselves. An increase in the activity in the 
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plasma, after the injection of such preparations, 
can be demonstrated in the presence of protamine; 
it is presumed that the protamine combines with 
the dextran sulphate and so abolishes its inhibitory 
effect. 

4. The inhibition of clearing activity by the 
high-molecular-weight dextran sulphates may he 
due to their interaction with the chyle. 

5. The dextran sulphate preparations D5 and 
AL, with average molecular weights of 200 000 and 
1—2 million respectively, produce clearing activity 
in rat plasma within 30 sec. of their injection. 

6. The observation that the clearing activity of 
a plasma sample is rapidly destroyed at 37° in vitro 
in the presence of protamine supports the view that 
the sulphated molecules which induce this activity 
may also stabilize the enzyme system. 


The authors would like to thank Professor Sir Howard 
Florey for his continued interest and encouragement. They 
are indebted to Miss P. A. Rowlands for her able technical 
assistance. 
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The Photochemical Formation of a Quickly Reacting Form 
of Haemoglobin 


By Q. H. GIBSON 
Department of Biochemistry, The University, Sheffield 10 


(Received 16 July 1958) 


In describing the application of flash photolysis to 
some reactions of myoglobin and haemoglobin with 
carbon monoxide, Gibson (19564, b) pointed out the 
possibilities of extending the use of the method to 
study their reactions with oxygen. It seemed that 
suitable photochemical procedures would offer 
important practical and theoretical advantages 
over flow methods. On carrying out experiments in 
systems containing oxygen, however, it was 
quickly found that the changes in extinction after 
flashing were much smaller than expected, that 
their size depended on the concentration of oxygen, 
and that both the extent of the changes in ex- 
tinction and the rate of the reaction recorded were 
increased when the temperature was lowered. 

Since the situation was clearly complex, no 
further work with oxygen was done until a new and 
more powerful flash apparatus had been completed. 
This used a monochromator instead of interference 
filters and gave much shorter and brighter flashes 
than the first model described by Gibson (1956a). 
The experiments described here show that after the 
photochemical decomposition of carboxyhaemo- 
globin the reduced haemoglobin formed has, for a 
brief period, a much increased rate of reaction with 
oxygen or carbon monoxide, though differing only 
slightly from ordinary reduced haemoglobin in its 
spectroscopic characters. The occurrence and some 
of the properties of this reactive haemoglobin have 
been examined and are discussed in relation to 
other observations on haemoglobin kinetics. 


MATERIALS AND METHODS 


Blood solutions. Sheep blood was used throughout, and 
was prepared by the method of Gibson & Roughton (1957). 
The blood was defibrinated by shaking with glass beads 
and the mixture strained through glass wool. To 1 vol. of 
blood 3 vol. of water was added and, after 10 min. at room 
temperature (about 20°), 5g. of finely powdered solid 
borax/100 ml. After shaking for 2 min. the mixture was 
centrifuged for 20 min. at 3000 g and the clear supernatant 
decanted. It was transferred to a tonometer, reduced by 
evacuation and kept under O,-free N, at 4° until required. 
The blood solution was discarded after 5 days and a fresh 
preparation made. This stock solution was diluted with 
buffers as required for use in the flash apparatus. 

The choice of diluted blood rather than a purified 
haemoglobin preparation is arbitrary. The risk of altering 


kinetic behaviour by denaturation in a purification pro- 
cedure is balanced by the possibility that non-haemoglobin 
materials in the blood may influence the results. In the 
absence of definite knowledge which would dictate the use 
of any particular preparation, diluted blood was preferred 
because almost all kinetic work so far reported has been 
done with it. 

Carbon monoxide. This was obtained from Imperial 
Chemical Industries Ltd. 

Buffers. pH 5-0-6-3: 0-2n-citric acid with 0-2n-NaOH 
(Britton & Welford, 1937); pH 6-4-7-6: 0-2m-KH,PO, and 
0-2mM-Na,HPO, mixed in the proportions of Sorensen 
(1909); pH 7-8-9-1: 0-2m-H,BO, in 0-2m-KCl with 0-2N- 
NaOH (Clark, 1928); pH 10-11: 0-1m-Na,CO, with 0-Ly- 
HCl (Kolthoff, 1925). Where exact pH values were im- 
portant the figure was checked with a glass-electrode pH 
meter. 

Spectrophotometry. Absorption curves in the visible and 
near ultraviolet were determined with a Unicam model 600 
glass spectrophotometer with cells of 1 cm. path length for 
the visible and of 1 mm. path for the Soret regions of the 
spectrum. The concentration of haemoglobin solutions was 
determined by conversion into carboxyhaemoglobin 
(COHb) and the determination of the extinction at 540 mp, 
taking the millimolar extinction coefficient on an iron 
basis as 14-5. Concentrations of all haemoglobin solutions 
are expressed as molarity of iron. 

Flash-photolysis apparatus. The general lay-out and 
method of operation and calculation of results followed the 
procedure described by Gibson (1956a), with differences as 
follows: The commercial photographic flash tubes were 
replaced by U-shaped tubes of 12 mm. internal diameter 
with a discharge path of 20 cm. between tungsten elec- 
trodes 3-2 mm. in diameter. These tubes were made either 
from silica or from borosilicate glass. The ease of manipu- 
lation of the latter was offset by the short life of the tubes, 
whose walls crazed and released gases into the tube, making 
the initiation of the discharge difficult. The tubes were 
filled with argon (British Oxygen Co.) at 5-6 cm. pressure 
Hg. Two tubes were used and each was connected to a 4uF 
condenser rated at 12-5 kv. The tubes were fired by an 
initiating pulse applied to one side of a spark gap included 
in the discharge circuit. The arrangement is shown in 
Fig. 1 and follows the practice of G. Porter (personal 
communication). With this circuit flashes of up to 6003 
were obtained in an effective time of about 20sec. as 
measured photographically. The main discharge was 
followed by a much weaker light emission continuing for 
300-400 psec. 

The interference filters were replaced by a Hilger D. 246 
monochromator with glass prism, used with a Mazda 6v, 
108w ribbon-filament lamp. The wavelength setting was 
checked with a mercury lamp. 
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The reaction vessels were modified to allow accurate 
temperature control by circulating heating or cooling 
water through spaces on either side of the thin (1-6 or 
3-2 mm.) layers of blood solution under examination. 
A drawing of one of these cells is given in Fig. 2. The cell 
was made of clear methacrylate resin and had an inter- 
changeable joint which allowed it to be attached either to 
a tonometer or to leads which allowed solutions to be 
introduced without removing the cell from the flash 
apparatus. 


Fig. 1. Circuit diagram of flash apparatus. C,, C,, 4urF 
12-5 kv working, C;, 0-25 ur 2-5 kv working; R, 15kQ, 
2w; 7;, 72, flash tubes; Co, spark coil; Sw,, contact on 
rotating shutter; Sw,, contacts on camera shutter; M, 
motor driving shutter; H.v., high-voltage supply; T.v., 
trigger-voltage supply. 


Fig. 2. Temperature-controlled cell, part sectional. J, 
Water inlet; O, water outlet; S, solution space; W, water 


spaces. Cells of methacrylate resin; B14 
ground-glass socket. 


standard 
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RESULTS 


Preliminary observations. In the first experi. 
ments with the new flash apparatus the findings 
already mentioned in the introduction were con- 
firmed. When a dilute solution of blood ({Hb] 
20 uM) in borate buffer, pH 9-1, is equilibrated with 
a moderate pO, of about 50 mm. Hg, giving [0,] 
93m, and a low pCO of about 5mm., giving 
[CO] 6-5um, about 95% COHb is formed in the 
dark. Such a solution was then exposed to a photo. 
lysis flash sufficiently powerful to break down 
about 99 % of the COHb present and the subsequent 
changes in extinction followed at several wave- 
lengths, the first observations being made 400 psec. 
after initiation of the photolysis flash. At 430 my, 
a wavelength at which oxyhaemoglobin (O,Hb) 
and COHb have small and similar light-absorptions 
and haemoglobin has a large absorption, the 
change in extinction observed was only about 10- 
20 % of that expected on the basis of the haemo- 
globin concentration and the extinction coefii- 
cients. This was not due to failure of the photolysis 
flash to bring about dissociation of COHb, for 
measurements at 421-5my (where O,Hb and 
haemoglobin have similar light-absorption and 
COHb has a greater absorption) showed that the 
COHb disappeared on flashing and was slowly 
re-formed in the dark. Of the various possible 
explanations the most probable seemed to be that 
when haemoglobin was formed photochemically 
from COHb the product was able to react very 
rapidly with O, to form O,Hb. In systems con- 
taining haemoglobin, O,Hb and COHb the number 
of possible intermediate compounds of the form 
Hb,(0,),(CO),,, where » and m may each vary 
between 0 and 4, and n+m>+4, is 15, so that the 
possibilities of kinetic analysis from _ optical 
measurements seemed distinctly limited. As similar 
effects could be obtained in systems containing CO 
only, almost all the experiments described in this 
paper have been carried out with the simpler 
system. 

Reduced haemoglobin reacting with carbon mon- 
oxide. It was found that the change in extinction 
which could be recorded at 430 mp was sometimes 
substantially smaller than would have been ex- 
pected from the extinction coefficients of haemo- 
globin and COHb, and varied with the partial 
pressure of CO and with change of pH from 9:1 to 
7:1. The results of one experiment are summarized 
in Table 1, which shows that the recorded change in 
extinction after flashing did not vary significantly 
with change in [CO] between 100 and 1000,m 
when the haemoglobin was diluted with phosphate 
buffer at pH 7-1. At pH 9-1 the change in ex- 
tinction was smaller than at pH 7-1, and at the 
higher of the two concentrations of CO examined 
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Table 1. Haemoglobin combining with carbon monoxide 


The combination of haemoglobin with CO at pH 7:1 and 9-1 as measured by the change in extinction at 430 my after 
flash photolysis. [Hb], 0-03 mm; 1-6 mm. cell; temp., 21°; flash, 4003. Change in extinction expected =0-32. 


[CO] 
(uM) 
1030 
300 
100 


1030 
260 


Hb + Hb” remaining (%) 


Pe 
Time (msec.) 

Fig. 3. Effect of pH on the reaction of CO with Hb. 
[COHb] 18 um; [CO] 220 um; pH values were as shown on 
curves; observations were made at 435 my; flash, 2003; 
temp., 1-6°. 


(1000 1m) was only about half that found with a 
value of [CO] of 260 um. There are three explana- 
tions of these findings which require consideration: 

(1) In describing the apparatus it was pointed 
out that the main flash was followed by a weaker 
‘tail’ which prevented observation of changes in 


extinction until about 400 sec. after firing the 
flash. The reactions being observed, although rapid, 
have half-times of 4 and 6 msec. at pH 9-1 and 7-1 
respectively, so that the differences in change in 
extinction given in Table 1 cannot be explained by 
the ‘dead time’ of the apparatus of 400 usec. In 
fact, a dead time of 13 msec. would be needed to 
allow the reaction records obtained with [CO] 1 mm 
to start from a common point both at pH 7-1 and 
at pH 9-1. The satisfactory working of the ap- 
paratus was confirmed by carrying out control 
experiments with myoglobin and CO, where, with 
widely varying [CO] and hence reaction rates, it 
appeared that observation could begin 370 psec. 


Half-time 
of reaction 
(msec.) 
1- 6 
1- 18 
1- 56 
I 
¥ 


10-5 x Velocity 
const. 
AE (m-! sec.—1) 


4 
16 





S 


[CO] =144 um 


3 


Hb + Hb” remaining (%) 


[CO] = 290 um 


[CO] = 560 um 


Time (msec.) 

Fig. 4. Effect of varying [CO] on the division between 
‘fast’ and ‘ordinary’ reactions. [COHb] 22 um; [CO] as 
shown on curves; observations were made at 435 my; 
flash, 2003; temp., 1-0°; pH 9-1; k, 220 sec.—1; 1* 1-7 x 
10*°m- sec.—!; for further explanation see text. 


after firing the flash. Further, when the rate was 
2-5 times greater than the rate of the haemoglobin + 
CO reaction, 83 % of the expected reaction could be 
observed. 

(2) There might be a rapid reaction taking place 
during the dead-time of the apparatus at pH 9-1 
but not at all or to a less extent at pH 7-1. 

(3) The absorption spectrum of the product of 
photodecomposition of COHb at pH 9-1 is different 
from that obtained at pH 7-1. 

As will appear, both the second and third possi- 
bilities are realized, though the second is quanti- 
tatively more important than the third. 

Experiments with carbon monoxide at low temper- 
atures. When flash experiments were carried out at 
temperatures between 1° and 5° it was found that 
the recombination reaction was markedly biphasic, 
a rapid reaction during the first 5 msec. being 
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succeeded by a much slower one which yielded a 
second-order rate constant for the overall reaction 
haemoglobin+CO-—-COHb of 4x 10‘m- sec.-1. 
This value is in agreement with the rates and 
temperature coefficient given by Gibson & Roughton 
(1957) in determinations made by the stopped-flow 
method, and it is suggested that the slow phase 
represents the combination of ‘ordinary’ reduced 
haemoglobin with CO. 

The rapid phase of the reaction as observed at 
435 my is shown in Figs. 3 and 4, which illustrate 
also its dependence on pH and concentration of CO. 

Absorption spectrum of the rapidly reacting 
compound. To avoid repetition of phrases such as 
‘the rapidly reacting compound’ the material 
giving the quick changes of extinction in Figs. 3 
and 4 will be written Hb* and the material giving 
the slow changes referred to in the previous para- 
graph as ‘ordinary’ haemoglobin will be written 
Hb. Before attempting any analysis of the material 
in Figs. 3 and 4 the absorption spectrum of Hb* is 
needed. Two methods have been used: 

(1) The variation with wavelength of the change 
in extinction due to flashing has been observed in 
conditions where the rapid reaction predominates 
(e.g. at pH 10-6; see Fig. 3) and also where the 
ordinary slow reaction is prominent (e.g. at pH 6-7; 
see Fig. 3). 
absolute absorption spectra, solutions of Hb and 


COHb were introduced into the observation cell of 


120 


Millimolar extinction coefficient 


'“S 435 425 415 405 
(mz) 
Fig. 5. Absorption spectra of normal (@) and rapidly 
reacting (O) haemoglobin. Ordinate gives millimolar 
extinction coefficients. For methods used see text. 
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the flash apparatus and their light-absorption at 
different wavelengths was determined. Then, 
assuming that normal COHb is the final product in 
the absorption cell after flashing, the absorption 
spectrum immediately after the flash was obtained 
by addition of the changes due to flashing to the 
absorption of COHb at each wavelength. The 
results of an experiment of this kind are shown in 
Fig. 5, where the spectrum immediately after 
flashing at pH 10-6 is attributed to Hb* and that 
at pH 6-7 to Hb. It appears that Hb* has a 
slightly higher absorption than Hb at wavelengths 
longer than 435 my, but shows a lower absorption 
maximum near 430 my. The spectrum for Hb given 
in Fig. 5 agreed well with the direct static deterni- 
nations made in the absorption cell of the flash 
apparatus. 

(2) The conditions were arranged so that about 
half the observed change in extinction after flashing 
took place quickly (e.g. pH 9-1, [CO] 150 um, temp. 1°) 
when observed at 435 mp. The wavelength of the 
observation beam was then varied and the pro- 
portion of the change in extinction taking place 
quickly determined for each wavelength. The 
results showed that the rather small differences of 
Fig. 5 are real, the apparent proportion of rapid 
reaction increasing at wavelengths longer than 
435 mp and decreasing between 435 and 415 mu. 

The close similarity between the spectra of Hb* 
and Hb suggests that the difference between them 
is unlikely to be due to a major change in the 
electronic configuration of the haem group (e.g. 
formation of a triplet), but is the reflexion in the 
spectrum of a change in the protein portion of the 
molecule. 

Kinetic properties of Hb*. The curves of Fig. 4 
show that both the rate of the initial change in 
extinction and the extent of the rapid reaction as 
a proportion of the whole change in extinction after 
flashing increase when the concentration of CO is 
raised. This result is most easily interpreted by 
supposing that Hb* not only combines with CO in 
a second-order process, giving COHb, but also 
reverts to Hb in a first-order reaction. This kinetic 
proposal is readily dealt with provided that the con- 
centration of CO is large enough in comparison with 
the concentration of haemoglobin to be treated as 
approximately constant during the reaction. 

Then, writing [COHb]=y, [Hb*]=2, [Hb]=z, 
[CO]=, velocity constant for the reaction 
Hb* +CO > COHb=!/*, velocity constant for the 
reaction Hb+CO —-COHb=l’, velocity constant 
for the reaction Hb* + Hb=hk,, and taking the 
total pigment concentration as unity: 

dy/dt= a(l*x+l’z), 


c= e—ki+al®) J 


w+y+z=1, 
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substituting from (2) and (3) in (1) gives, on 
solving by standard methods, 

y=1—A e~% tal") t+ (4 —1) eat, (4) 
where A=a(l*—1’)/(k,+al*—al’). The use of 
equation (4) is limited to circumstances: (1) where 
[CO] may be regarded as constant during the 
reaction, (2) where observations are made with 
light of a wavelength where Hb and Hb* are isos- 
bestic, (3) where the sole immediate product of 
breakdown of COHb is Hb*, as stated in equation 
(2), and (4) where the length of the photolysis flash 
is short compared with the life of Hb*. 

The chief difficulty in the use of equation (4) is to 
be sure that condition (3) is met, for any single 
reaction curve from Fig. 3 or Fig. 4 can be fitted 
equally well on the supposition that k,=0 and that 
A=Hb*/(Hb*+Hb) at ¢=0. It is, however, 
possible to show that condition (3) is met, or nearly 
so, at alkaline pH. Thus in Fig. 3 the curve for 
pH 10-6 was drawn from equation (4) : the numerical 
values obtained show that 94% of the reaction 
taking place is represented by the process 
Hb* +CO + COHb, so that the products of COHb 
breakdown must have included at least 94% of 
Hb*. At pH 9-1, on the other hand, there is a 
quantitatively important contribution from the 
slow reaction even at the highest of the three 
values of [CO] used in obtaining the data of Fig. 4. 
In this case fulfilment of condition (3) can be in- 
ferred by considering the curves of the figure 
together. As [CO] is changed «/* must change in 
direct proportion and hence both A and the first 
exponent (k,+al*) of equation (4) must change 
predictably with [CO]. If, then, the reaction 
curves with several values of [CO] can be fitted 
with a single value for each of the constants k,, 1* 
and 1’, it follows that Hb* must be the only im- 
portant immediate product of COHb photolysis. 
The agreement between the observed points of 
Fig. 4 in which all three curves were calculated 
from equation (4) with 

k, = 220 sec.—1, /* = 1-7 x 10®°m—! sec.—! 
supports this assumption. Some values of k, and /* 
have been worked out with equation (4) and are 
given in Table 2. The mean value of 

i*=1-8 x 10*m—! sec.—! 
at pH 9-1 and 1°. It is about 50 times as great as 
the value for the overall reaction-velocity constant 
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for Hb combining with CO found by Gibson & 
Roughton (1957). 

Effect of pH. Some reaction curves illustrating 
the effect of varying pH between 10-6 and 5-45 are 
given in Fig. 3. As the pH is reduced from 10-6, 
the rapid reaction becomes less obvious and is 
least at pH 6-7, increasing again in buffers more 
acid than this. The change with pH is not uniform 
over the range pH 9-1—6-1: experiments with 
buffers closer in pH than those shown in Fig. 3 
give only a small change between pH 9-1 and 7-6, 
but a large change between pH 7-6 and 6-7. 

It was hoped that the effects of pH could be 
expressed in terms of the constants k, and /*, but 
this has proved impossible because at neutral 
pH Hb* is not the only product of the photo- 
decomposition of COHb, large amounts of Hb being 
formed as well. This has been shown by experi- 
ments at pH 7-1 in which [CO] was varied. One 
such is illustrated in Fig. 6, where both curves are 
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Fig. 6. Comparison between observed and predicted 
effects of varying [CO] on the combination reaction with 
Hb at pH7-1. Curves are drawn from equation (4) 
with /*=5-1 x 105m— sec.1, k,=450 sec.-1, « =3-55 » 
10-‘m (lower curve), «=1-08x10-*m (upper curve). 
O, Experimentally observed [COHb] 20 um; [CO] 355 pm; 
flash, 2003; temp., 1-2°; observations were made at 
435 mp. @, [CO] 108 um; other conditions were as given 
above. 





Table 2. 


Values of k, and I* 


Dilute sheep blood was used; borate buffer, pH 9-1; 3-2 mm. cell; temp., 1°; flash, 2003; observation beam, 435 my. 


ky 10-6 /* 
(sec.—1) (m-! sec.—1) 

270 1-9 220 

220 : 

240 8 230 
200 2-0 130 


[CO] 
(uM) 


[Hb] No. of 
(uM) determinations 


19 1 


a 130, 260, 550 22 3 


25 1 
21 + 





298 


calculated from equation (4) with values of k, and 
l* giving a reasonable fit to the experimental data 
obtained with the higher value of [CO]. The calcu- 
lated curve for the lower value of [CO] differs 
widely from the experimental points. In principle, 
the proportions of Hb and Hb* present immediately 
after the flash could be determined from pairs of 
curves similar to those in Fig. 6, but with three 
independent constants to dispose of, reliable results 
would be difficult to obtain. Although it has not 
been possible to give numerical expression to the 
results it is clear that change in pH influences not 
only the course of the recombination reaction but 
also the changes leading to the formation of Hb* 
in the photochemical reaction. 

Effect of p-chloromercuribenzoate on Hb*. Gibson 
& Roughton (1957) have shown that when three 
molecules of CO have combined with a molecule of 
haemoglobin there is a sharp increase in the rate 
constant, the fourth molecule combining some 40 
times as fast as the first. The high rate constants 
observed for the combination of Hb* with CO 
suggested that the two effects might be related. As 
Riggs & Wolbach (1956) have shown that haem— 
haem interaction (on which Gibson & Roughton’s 
finding depends) is much influenced by blocking of 
sulphydryl groups with mercurials, experiments 
were carried out to see if p-chloromercuribenzoate 
(PCMB) affected the formation and reactions of 
Hb*. In experiments at both pH 7-1 and pH 9-1 
it was found that PCMB increased the proportion 
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50 um-PCMB 


20 40 60 80 
Time (msec.) 

Fig. 7. Effect of p-chloromercuribenzoate on the combina- 
tion of CO with Hb. [COHb] 25um; [CO] 100um; 
[PCMB}] 50 um; flash, 2003; temp., 1°; pH 7-1; observa- 
tions were made at 430 my. 
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of the reaction taking place quickly. The effects are 
most striking at pH 7-1, where little Hb* is formed 
in the absence of the mercurial. As shown in Fig. 7, 
after addition of PCMB, almost the whole reaction 
takes place rapidly. The rate was similar at both 
pH values with /*=1-8 x 10®°m-! sec.-? at pH 7:1 
and 1-5° and 2-1x10*m-'sec.-! at pH 9-1. It 
appears that PCMB increases the yield of Hb* and 
also decreases its rate of reversion to Hb. 

Effect of the length of photolysis flash. The most 
stable product of photolysis of COHb is Hb, and it 
would therefore be expected that on prolonged 
illumination Hb would become progressively more 
abundant, since Hb* would combine with CO, be 
broken down again in the light and have a further 
chance of yielding Hb by the first-order reaction 
already described. The length of flash is not easily 
varied without major change in the apparatus, and 
only two lengths of flash have been examined. One 
was the usual flash given by the apparatus de- 
scribed in the Materials and Methods section: the 
other was obtained by using a commercial photo- 
graphic flash tube at a comparatively low voltage 
with high-capacity condensers, exactly as described 
by Gibson (1956a). The high-voltage apparatus 
yields flashes with a time constant of about 
15 psec., whereas the low-voltage system gives 


Time (msec.) 


Fig. 8. Effect of varying the length of photolysis flash on 
the recombination reaction between CO and Hb. Upper 
curve, 1403 dissipated in LSD3 flash tube from 60 pF 
condenser. Lower curve, 1403 in two quartz flash tubes 
from two 4F condensers. [COHb] 26 um; [CO] 280 um; 
temp., 1°; pH 9-1. 
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flashes with a time constant of about 300 psec. (as 
determined by recording the light output with a 
photomultiplier and oscillograph). The voltages 
and capacities were adjusted to give the same 
energy dissipation and the course of the recombi- 
nation reaction after flashing was recorded for the 
same solution. The results shown in Fig. 8 at first 
appeared to offer a gratifying confirmation of the 
theory put forward above. 

To examine the matter quantitatively it was 
supposed: (1) that the reaction of Hb with CO 
could be neglected during the first few milliseconds 
after firing the photolysis flash, (2) that the light 
from the flash decayed exponentially, (3) that 
(CO]>[Hb] and (4) that the flash, if applied under 
conditions where the back reaction was negligible, 
would produce 95% dissociation of COHb. Then, 
with the same notation as before and writing 
illumination intensity I[=k,e-**, where k, in- 
cludes the effects of quantum efficiency, geometry 
of the apparatus, etc., and k, is the time constant of 
the flash: = ay/dt = al*a — ky yo-™*, (5) 

da/dt=k, ye~*t — (al* + k,) a. (6) 


These equations do not appear to be readily soluble 
and so have been integrated numerically with 
values corresponding to the conditions of Fig. 8, 
taking 72*=1-6x10®m-'sec.-1, k,=300  sec.—}, 
1=2:8x10-4m. The resulting curves, plotted in 
Fig. 9, show that little difference due to the length 
of the flashes is to be expected, certainly much less 
than that shown in Fig. 8. Any explanation of this 
result is necessarily speculative, but it may be that 
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Time (msec.) 
Fig. 9. Calculated course of COHb concentration during 


photolysis and recombination. Curve A, ‘short’ flash; 
curve B, ‘long’ flash. For further explanation see text. 
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formation of Hb* occurs only when the CO mole- 
cules in combination with all four haem groups are 
removed photochemically within a very short 
space of time. 

Reactions of Hb* with oxygen. The effects observed 
with CO also occur with O, (Fig. 10). In this 
experiment a solution containing 20,.M-Hb was 
equilibrated with a gas mixture containing 10 mm. 
pCO and 20 mm. pO, and the changes in extinction 
after flashing were followed at 430 my (isosbestic 
for COHb and O,Hb), at 421 my (isosbestic for Hb 
and O,Hb) and 412 my (isosbestic for Hb and 
COHb). The records give the concentrations of Hb 
(430 my), COHb (421 my) and O,Hb (412 my). As 
Fig. 10 shows, the disappearance of Hb in the first 
2 msec. after flashing is almost wholly due to the 
formation of O,Hb, the rate giving a velocity 
constant of 10’m~! sec.—! at 1°. This is about 10 
times as great as the value found for the combina- 
tion of O, with Hb by the stopped-flow method. 
Thus the anomalous rate of combination found for 
CO is matched by a similar phenomenon with O,, 
though the quantitative difference between Hb* 
and Hb is smaller. It is interesting to note that the 
ratio between the velocity constant for O, and that 
for CO is 4:1, and to compare this figure with the 
value of 3-5 reported for the ratio k,’/l,’ by Gibson 
& Roughton (1955). In their notation k,’ is the 
velocity constant for the reaction 

Hb,(0,), +O, > Hb,(O,),, 
and 1,’ that for the reaction 


Hb,(CO), +CO > Hb,(CO),. 


Concn. of haem pigments (4m) 


04 08 12 16 20 0 04 O8 12 


Time (msec.) : 





Time (sec.) 

Fig. 10. Changes in haemoglobin, oxyhaemoglobin and 
carboxyhaemoglobin after flashing in a solution with 
[Hb] 20 um; [0,] 37 um; [CO] 13 uM; flash, 2003; temp., 
1°; pH 9-1. Two time scales, covering 0-2 msec. and 
2 msec.—1-2 sec., are used. 
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Effect of temperature on the reaction of Hb* with 
carbon monoxide. The most satisfactory observa- 
tions have been made at pH 10-6, where the re- 
action Hb* +CO — COHb accounts for almost the 
whole observed change in extinction at 435 mp. 
The temperature coefficient for the reaction is 
significantly smaller than that for the overall 
reaction Hb+CO-COHb, where Gibson & 
Roughton (1957) found the energy of activation to 
be 10-5 kcal. The data shown in line A of Fig. 11 
give a value of 5-6 kcal. The change in rate and the 
change in activation energy are not in the propor- 
tions required by classical theory, a change of 
5 keal. calling for 1000-fold increase in rate. 

Experiments at pH 9-1 intended to give the 
temperature coefficient of k, yielded reaction 
records over the range 1-2—19-0° which differed 
little from one another, and which, on analysis 
with equation (4), gave a temperature coefficient 
for 1* of 1-2/10° temperature rise, appreciably less 
than that found at pH 10-6. The temperature 
coefficient for k, was 1-5/10°, corresponding to an 
energy of activation of about 6 keal. In view of the 
discrepancy between this experiment and the one 
illustrated in Fig. 11 in the value for /* this result 
must be regarded with some slight reserve. 

Effect of urea and of 2m-sodium chloride. It is 
well established that the denaturation of haemo- 
globin by urea begins with the splitting of the 
molecule into two halves. This treatment might be 
expected to modify the accessibility of the haem 
groups to ligand molecules and the formation and 
properties of Hb*. The experiments were carried 
out at pH 7-1, where the formation of Hb* is 
normally slight. The effect of 5mM-urea was to 
produce a dramatic increase in the rate of reaction, 
the haemoglobin now behaving very much as in a 
solution of pH 10-6, /* at 1-2° being 


1-9 x 10®°m—! sece.-} 


The energy of activation was 5 kcal., as shown in 
Fig. 11, line B. 

The effects of 2mM-NaCl were less striking and also 
took some time to develop, a good effect being 
obtained after incubation of the dilute haemo- 
globin solutions for 3 hr. at room temperature. The 
effect was generally similar to that of urea, as 
would be expected from the work of Gutfreund 
(1949) on the osmotic pressure of haemoglobin in 
salt solutions. The greatest value of the recombi- 
nation velocity constant was 8 x 10°m~—! sec.—! at 1° 
as compared with 1-9x10® with 5m-urea under 
similar conditions. 

Effect of pigment concentration, and miscellaneous 
observations. The physical dimensions of the present 
flash apparatus largely dictate the pigment concen- 
trations which can be most effectively and con- 
veniently used, and all the experiments dealt with 
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so far have been carried out with blood diluted 
about 400 times, giving a haemoglobin concentra. 
tion of about 30uMm. It is not possible to increase 
the pigment concentration much without producing 
grossly non-uniform illumination within the photo. 
lysis cell, but greater dilutions may be used. The 
results of some experiments at pH 9-1 and 7-1 are 
given in Table 3. At pH 9-1 they are expressed in 
terms of k, and /*, which are little affected by 
dilution within the range studied. At pH7] 
determinations with two values of pCO gave 
results consistent with a value of k, much less than 
al*. To allow the results to be worked out it has 
been supposed that k,=0, and values of the per. 
centage of Hb* formed and /* given in Table 3 have 
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Fig. 11. Energy of activation of reaction of Hb* with CO. 
A, [Hb] 25 um; [CO] 240 um; 5m-urea in 0-2m-phosphate 
buffer, measured pH 7-1; flash, 2003; observations made 
at 435 my. Interrupted line shows slope but not position 
of line relating In/’ to 1/7 for normal haemoglobin 
according to Gibson & Roughton (1957). 
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Table 3. Effect of dilution on k, and I* 


Observations were made at 435 my; 3-2 mm. cell; flash, 
2003; temp., 1-2°. 


[Hb] ky 10-6 + Hb* 

(uM) (sec) (m—! sec.) (%) 

pH 91 34 230 1-6 — 
19 180 1-3 — 

14 200 1-3 _ 

8 170 1-2 _ 

pH 7-1 20 1-5 17 
4-6 - 2-2 45 
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been calculated on this basis. It appears that the 
proportion of Hb* formed on flashing is increased 
by dilution, and there may also be some rise in /*. 
The effects of dilution at pH 7-1 are presented in a 
more striking form in Fig. 12, where the [CO] was 
held constant and the strength of the blood varied. 
The change in extent of the rapid reaction is 
obvious. 

Although in ten experiments the effect of dilu- 
tion at pH 7-1 was always in the direction shown in 
Table 3 and Fig. 12, the quantitative findings 
differed greatly from blood to blood, and from day 
to day with the same blood stored as described in 
the Materials and Methods section. The general 
conclusions reached were: that fresh blood shows 
the least effect on dilution; that storage as blood 
diluted with 3 vol. of borate (see Materials and 
Methods) at pH 9-1 and 4° gives a bigger change 
than storage at pH 7-1; and that dilution of 
materials present in the serum is not important, 
since similar results were obtained on dilution 
either with buffer or with buffer containing serum 
from the same blood sample. 

Myoglobin. Several attempts have been made to 
look for anomalous effects with myoglobin, but 
even under the most favourable circumstances the 
reactions appeared to be accurately second-order 
both with O, and CO. These negative results are 
important because they suggest that the formation 
of Hb* is dependent on the protein part of the 
molecule and is not a general property of the haem 
group. 
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Fig. 12. Effect of dilution on the reaction of CO with Hb. 
pH 7-1, [CO] 130um; [COHb] as shown on curves; 
temp., 1°; flash, 2003; observations were made at 
435 mp. 
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DISCUSSION 


A qualitative explanation of the existence of a 
rapidly reacting form of haemoglobin can be 
offered in terms of Gibson & Roughton’s (1957) 
finding that the fourth molecule of carbon mon- 
oxide to combine with sheep haemoglobin does so 
at about 40 times the speed of the first three. Their 
result can be correlated with Haurowitz’s (1938) 
observation that the penetration of oxygen into a 
crystal of reduced haemoglobin is accompanied by 
a change in crystal form and double refraction, 
suggesting that a major structural reorganization 
accompanies binding of ligand. The rapidly reacting 
form of haemoglobin would then be pictured as a 
haemoglobin molecule which had lost its ligand 
molecules within a brief space of time by photo- 
chemical action, but which had not yet had an 
opportunity to undergo the structural alterations 
corresponding to the change from the saturated to 
the reduced state. The subsequent disappearance 
of the rapidly reacting form would then be re- 
garded as a measure of the rate of this alteration. 

It is not surprising that -SH groups are con- 
cerned, since there is already much evidence to 
implicate them in the phenomena of haem—haem 
interaction, and Riggs & Wolbach (1956) have 
given an excellent summary of the present position 
in describing their experiments on the effect of 
mercurials on the oxygen affinity of horse haemo- 
globin. The present results are fully consistent with 
the idea that the haem groups and —SH groups of 
sheep haemoglobin are in close proximity, and that 
the formation of linkages by them may be directly 
responsible for the alteration of protein configura- 
tion which accompanies haem—haem interaction. 

At pH 7:1, where the formation of Hb* is not 
normally prominent, it is stimulated by mercurials, 
by urea, by strong salt solutions and by great 
dilution of the blood. Since three of these are 
known to favour splitting of the haemoglobin 
molecule it is natural to consider if the effect can 
be explained by a photochemically induced 
splitting followed by recombination of the frag- 
ments. If so, it would be expected that k,, which 
measures the re-formation of Hb from Hb*, would 
be inversely related to the dilution of the blood. 
This is not so, and a change of structure rather than 
an actual split appears more probable. 

An opening up of the protein structure in terms 
of the ‘crevice’ hypothesis of St George & Pauling 
(1951) is not favoured by the data on the rate and 
energy of activation of the reaction between Hb* 
and carbon monoxide, since a change of this kind 
would be expected to affect the frequency factor 
rather than the activation energy. The experiments 
have shown that the activation energy is signifi- 
cantly reduced, and as there is not a corresponding 
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increase in the rate of reaction the frequency factor 
is also reduced. 

It is interesting to speculate on the relation 
between the effects observed by Roughton (1934) 
and the present work. He found that when reduced 
haemoglobin was mixed with an amount of oxygen 
insufficient to saturate it a definite percentage 
saturation was not reached at a rate consonant 
with the velocity constants for the reaction of 
oxygen with haemoglobin as measured with larger 
amounts of oxygen. Instead, the combination of 
oxygen continued slowly for several seconds, 
giving a drift in percentage saturation. This was 
observed most strikingly with very dilute haemo- 
globin and at neutral pH. Although the time scale 
of this drift is of a different order from that of the 
effects discussed in this paper, being some hundreds 
of times longer, a reorganization of the protein 
structure may well be concerned in Roughton’s 
effect also. 

It is important to consider what relation, if any, 
the results given here have to the kinetics of 
haemoglobin reactions as studied by flow methods, 
There is no reason to suppose that in the spon- 
taneous dissociation of ligand molecules from hae- 
moglobin the dissociation can run ahead of the 
capacity of the protein to rearrange its structure 
since the value of k, is much greater than the fastest 
dissociation velocity constant for oxygen, so far 
measured, at the temperatures used in the present 
experiments. Further, the large effects due to 
variation in the length of the flash argue for a need 
to remove several ligand molecules within a very 
brief space of time if Hb* is to be formed in good 
yield. In fact, with the longer of the two flashes 
used, it can be calculated that half of the carbon 
monoxide had been removed in 60 psec., whereas 
the shorter flash would require only 4 psec. If the 
difference in yield of Hb* with the two flash 
lengths is due to this difference in time, the rate of 
removal of ligand in any spontaneous dissociation 
would be far too slow to give an appreciable yield 
of Hb*. 

The method of flash photolysis has already been 
used by Gibson (19566) and Ainsworth & Gibson 
(1957) in obtaining velocity constants for haemo- 
globin reactions under various conditions: it is 
important to consider how far the findings re- 
ported in this paper call for reinterpretation of the 
earlier work. In Gibson’s determinations of lj, the 
velocity constant of the reaction 


Hb, (CO), + CO > Hb,(CO),, 


the partial pressure of carbon monoxide was low, 
the temperature high and the flashes were of 
relatively long duration. These conditions all favour 
the completion of side reactions in a brief space of 
time, and it seems clear that Gibson’s measure- 
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ments were carried out with normal haemoglobin. 
Some small uncertainty attaches, however, to the 
calculation of the amounts of Hb,(CO), and 
Hb,(CO), present immediately after flashing, since 
the side reactions might well alter their relative 
proportions. 

In determining /; Ainsworth & Gibson (1957) 
used a very low concentration of carbon monoxide 
and the recombination reactions were quite slow, 
with half-times of the order of tenths of a second; 
it is again likely that their measurements were 
correct. One observation in their work requires 
separate attention. They found that /{ as measured 
by the flash method was much increased (four- to 
eight-fold) by PCMB, whereas Gibson & Roughton 
(1955) have published results indicating that 1; was 
unlikely to be increased by more than 40% at the 
most. It now seems likely that the flash measure. 
ments were made on haemoglobin in an abnormally 
reactive state, k, being very small indeed in the 
presence of PCMB, and that each of the apparently 
discrepant findings was correct under its own 
experimental conditions. 

A difficulty met by Ainsworth & Gibson in 
unpublished experiments on the temperature co- 
efficient of lj can also be explained by the results of 
this paper. They found that 1; decreased only by 
about 50% when the temperature of the solutions 
was lowered from 20° to 1°, whereas the calcula- 
tions of Gibson & Roughton (1955) predicted a 
fourfold decrease. It is likely that at the lower 
temperature Hb* was being observed along with 
Hb,(CO),. It is clearly necessary to use the flash 
method with some care when studying haemo- 
globin kinetics. 

It should perhaps be pointed out that although 
very many examples of photochemical effects on 
proteins have been reported they have usually 
concerned irreversible changes produced by ultra- 
violet light of wavelengths shorter than 300 mu. 
In the present instance a quickly reversible change 
has been produced which can, apparently, be 
repeated many times without damage to the pro- 
tein, since frequent repetition of the flash discharge 
does not alter the response of the haemoglobin. 
Indeed, were it not for the transient functional 
change observed, this effect of light might have 
gone for long undetected. 


SUMMARY 


1. When carboxyhaemoglobin is broken down 
by the action of light the newly formed reduced 
haemoglobin has, for a brief period, a higher rate of 
reaction with carbon monoxide or oxygen than 
reduced haemoglobin of greater age. 

2. The observed reaction is influenced by pH 
and by —SH reagents. At neutral pH little quickly- 
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reacting haemoglobin (Hb*) is formed. If p- 
chloromercuribenzoate is added almost all the 
reduced haemoglobin formed is Hb*. At alkaline 
pH the chief product of photolysis is Hb* even in 
the absence of p-chloromercuribenzoate. 

3. At alkaline pH Hb* reverts spontaneously to 
ordinary haemoglobin with a velocity constant of 
about 200 sec.— at 1°. 

4, The second-order velocity constant for the 
combination of Hb* with carbon monoxide is 
1:8 x 10°m~! sec.—? at 1° and the activation energy 
5°6 keal. 

5. The bearing of these results on the use of 
flash photolysis in the study of haemoglobin 
kinetics is discussed. 

Thanks are due to Miss M. C. Sykes for technical assis- 


tance and to the Medical Research Council for help with the 
expenses of the work. 
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There is evidence that the semen of the domestic 
cock is wholly derived from the reproductive tract 
proximal to the protruding ejaculatory ducts, so 
that the possible sources of seminal plasma are the 
testes, vasa efferentia, epididymides and vasa 
deferentia (Lake, 1957a). The cock lacks the 
accessory reproductive organs, i.e. prostate and 
seminal vesicles, characteristic of mammals, and 
ampullae are absent or ill-defined (Lake, 19575). 
These organs are the source of a large part of the 
seminal fluid in mammals. A study of the chemical 
composition of the seminal plasma of the cock is 
thus of physiological as well as of comparative 
interest, and should provide information essential to 
anunderstanding of the metabolism of the testis and 
spermatozoa, especially in the reproductive tract. 

In the present investigation the free amino acid 
content of the seminal plasma has been examined. 
Gassner & Hopwood (1952) and Larson & Salisbury 
(1953) have studied this in bull seminal fluid. Since 
creatine is reported to occur in large amounts in the 
testes of some mammals (Hunter, 1928; Eggleton, 
Elsden & Gough, 1943; Ennor & Stocken, 1948) 
and of certain invertebrates (Greenwald, 1946) it 
seemed profitable also to examine cock seminal 
plasma for guanidine bases. Only small amounts of 
creatine and creatinine have been reported to be 
present in mammalian semen (Ilyasov, 1933; 
McKenzie, Miller & Bauguess, 1938). 


MATERIAL AND METHODS 


Reproductively active Brown Leghorn cocks were main- 
tained in battery cages and received the Poultry Research 
Centre diet (Bolton, 1958). 

Seminal plasma. Samples of uncontaminated semen 
(0-12-0-6 ml./ejaculate) were collected according to Lake 
(1957a) and centrifuged at 1500 g for 15 min. at 2° within 
5 min. of collection. The plasma was removed rapidly, 
before the spermatozoa began to move upwards, and added 
to 4 vol. of ethanol and heated in boiling water for 15 min. 
The precipitated protein was removed by centrifuging and 
2 vol. of CHCl, was added to the supernatant to remove 
lipid. Before chromatography, the aqueous layer was taken 
to dryness at room temperature in a vacuum desiccator 
over P,O,, and the residue was dissolved in 10% propanol. 
Appropriate dilutions of the aqueous layer were made for 
the estimation of non-protein nitrogen, ninhydrin-reacting 
substances, glutamic acid and creatine. Samples from 
individual cocks were used for these determinations and for 
chromatography when possible. 

Chromatography. (a) Amino acids. One- and two- 
dimensional chromatography was carried out in phenol 
saturated with water (03% of NH,) and butanol- 
acetic acid—water (4:1:5). isoButanol—butan-2-one—water 
(70:50:30) (Kemble & MacPherson, 1954) was also used as 
a solvent for unidimensional chromatography. Dinitro- 
phenyl (DNP) derivatives of amino acids were separated by 
one- and two-dimensional chromatography, with toluene— 
pyridine—2-chloroethanol-aq. 0-8N-NH, soln. (30:9:18:18) 
and 2m-phosphate buffer (pH 6) as solvents (Biserte & 
Osteux, 1951). 
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(b) Guanidine bases. Unidimensional chromatography, 
with the solvent systems butanol-acetic acid—water 
(73:10:17), butanol-formic acid—water (63:20:17) and 
butanol-aq. NH, soln. (sp.gr. 0-88)—-water (25:8:17), of 
Roche, Thoai & Hatt (1954), was used for separating the 
guanidine bases, which were detected by the three reagents 
employed by the same workers. 

The presence of creatinine was investigated with the 
Jaffé reaction as applied by Anderson, Williams, Krise & 
Dowben (1957). 

Preparation of dinitrophenyl-amino acids. The method of 
Levy & Chung (1955) was used. 

Determination of non-protein nitrogen content of seminal 
plasma. Total nitrogen in protein-free extracts was deter- 
mined by the micro-Kjeldahl method (Chibnall, Rees & 
Williams, 1943). 

Determinations of total ninhydrin-reacting substances and 
glutamic acid. Initially the total ninhydrin-reacting sub- 
stances were estimated by the procedure of Moore & Stein 
(1954); glutamic acid was used as standard. Glutamic acid 
was estimated after paper chromatography and develop- 
ment of the colour on the paper with ninhydrin (Kay, 
Harris & Entenman, 1956). Unidimensional, descending 
chromatograms were run with butanol-acetic acid—water as 
solvent; running for 48-56 hr. was sufficient to separate 
glutamic acid from other amino acids. Total ninhydrin- 
reacting substances were determined similarly by spotting 
samples on paper and developing the colour without 
chromatography. 

Determination of creatine. The method of Eggleton et al. 
(1943) was used. 

RESULTS 
A large amount of a substance behaving like 
glutamic acid was found by paper chromatography 
of the protein-free extracts of cock seminal plasma 
with phenol-ammonia and butanol-—acetic acid as 
solvents. Small amounts of alanine, glycine, serine 
and aspartic acid were also observed but they were 
not all consistently detected. A substance running 
in the position of glutathione was also found but it 
did not respond to the nitroprusside reagent of 
Toennies & Kolb (1951) and may have been cysteic 
acid. After prolonged (48—72 hr.) unidimensional 
chromatography in the above solvents the major 
component travelled as a discrete spot in the posi- 
tion of glutamic acid and was inseparable from 
authentic glutamic acid. A similar pattern was 


obtained with seminal plasma from the upper and 
lower vas deferens. The absence of glutamine may 
be especially noted. 


Confirmation of the presence of large amounts of 
glutamic acid was obtained by preparing the DNP 
derivatives of the amino acids and submitting them 
to chromatography, when large amounts of a 
derivative behaving like DNP-glutamic acid was 
observed ; DNP-alanine and DNP-glycine were also 
detected in traces (Fig. 1), as were three unidenti- 
fied derivatives. DNP-aspartic acid might not be 
detected separately from the large amount of 
DNP-glutamic the sample. Further 


acid in 
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evidence for the presence of glutamic acid was 
obtained when some of the 80 % ethanol extracts of 
seminal plasma were acidified with hydrochloric 
acid before being dried in vacuo. On dissolving the 
residue and submitting it to chromatography an 
additional ninhydrin-positive material behaving 
like the ethyl ester of glutamic acid (Dent, 1948) 
was observed. Treatment of a glutamic acid solu- 
tion of approximately the same concentration and 
under the same conditions produced a substance 
which was identical chromatographically; in 
both control and test samples it ran in the position 
of norvaline (i.e. between valine and _leucine- 
isoleucine) in butanol—acetic acid, but between 
norvaline and isoleucine in 7sobutanol—butan-2-one, 

Visual comparison of samples of seminal plasma 
with portions of a standard glutamic acid solution 
after chromatography and development with 
ninhydrin suggested that the concentration of 
glutamic acid was of the order of 1 g./100 ml. of 
seminal plasma. Since the amounts of the other 
amino acids present were relatively very small the 
determination of total ninhydrin-reacting sub- 
stances with glutamic acid as the standard gives a 
good approximation of the glutamic acid concen- 
tration. The results are recorded in Table 1 along 
with the corresponding figures for non-protein 
nitrogen, and indicate that the glutamic acid con- 
centration is of the order of 1 g./100 ml. and that 
amino acids account for about 65% of the non- 
protein nitrogen. Confirmation of the former figure 
was obtained by estimation of the glutamic acid 
after chromatography in butanol-—acetic acid, the 
chromatograms being run long enough for the 


2m-phosphate (pH 6) 
Solvent front 


Toluene-pyridine -2-chloroethano!- 
aq. 08N-NH;3 soln. 


Fig. 1. Two-dimensional chromatogram of DNP deriva- 
tives of amino acids. Time of running in 2m-phosphate 
buffer: 10 hr. (solvent run off paper). 1, DNP-alanine; 
2, DNP-glycine; 3, DNP-glutamic acid; 4, dinitroaniline; 
5, dinitrophenol; 6, 7, 8, unidentified. Blacked-in spot 
denotes large concentration; spots shown by dotted lines 
denote traces and those by solid lines, small amounts. 
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cid was Table 1. Non-protein nitrogen and amino acid found in the seminal plasma of the cock, but the 
tracts of content of cock seminal plasma concentration of glutamic acid (about 8 m-moles/ 
‘ochlorie Gen eenin wn ed. 100 ml. of plasma) is very much larger and accounts 
ving the : : , . ; for about 90% of the total amino acids present. 
uphy an Non- Amino acids as Amino acid The concentration of glutamic acid is about ten 

; protein N glutamic acid N as % of : ; : : ‘ 
having (mg./100 ml.) (mg./100 ml.) non-protein N __ *#mes that found in mammalian and avian tissues 
t, 1948) an. 176-8 1245 67-3 (Krebs, Eggleston & Hems, 1949), and more than 
tid solu- Range 140-275 1040-1980 60-3-79-3 ten times the total amino acid concentration in bull 
bion and 8.D. 37°5 269 6-5 seminal plasma. It must therefore play a large part 
ibstance — —__—— ~ in the maintenance of the osmotic pressure and of 
lly; in Table 2. Amino acid and glutamic acid the pH of the seminal plasma. 
position content of cock seminal plasma It was also observed by Gassner & Hopwood 
leucine- ’ (1952) that castration caused the disappearance of 
between might cumple were wand. amino acids from bull seminal plasma and that 
n-2-one. Amino acids as = Glutamic Glutamic the concentration of amino acids other than glut- 
plasma aor 54 (ung. (100 ml.) — 2 - amie acid reach values approaching normal after 
solution seen 1207-5 1067-5 ne treatment with testosterone; glutamic acid re- 
it with Range 1010-1500 390-1340 84-6-94-2 mained at a very low level. Amino acids also 
tion of | gp. 170 136 3-49 disappeared after vasectomy; again, glutamic acid 
0 ml. of : a = pee concentration did not rise on administration of 
1e Other Table 3. Creatine content of cock seminal pl testosterone whereas the other amino acids reached 
nall the near-normal concentrations. These and subsequent 
1g sub- Eight samples were used. experiments (Hopwood & Gassner, 1957; Gassner & 

gives a Non-protein N Creatine Creatine N as % Hopwood, 1957) indicate that the testes are the 
concen- (mg./100 ml.) (mg./100 ml.) of non-protein N source of the greater part of the glutamic acid in 
1 along | Mean 142-8 92-4 21-10 bull seminal plasma. The very large concentration 
-protein | Range 116-208 72-112 17-3-26-7 of glutamic acid in the seminal plasma of ejacu- 
cid con. | *” - oi7 a7 lates and of semen obtained directly from the vas 
nd that errant Perper eT ———— __ deferens of the cock, taken in conjunction with the 
he non- | separation of glutamic acid from other amino acids. absence of accessory reproductive organs, suggest 
sr figure | Table 2 shows that the glutamic acid constitutes the testes are likewise the source of this substance 
nic acid | about 90% of the total ninhydrin-reacting sub- in the domestic cock. The vasa efferentia and 
cid, the | stances. Differential colour response of individual epididymides may be involved though they are not 


amino acids may involve a slight error in this 
estimate. 

Examination of the protein-free seminal plasma 
extracts for guanidine bases with unidimensional 
chromatography with three different systems 
revealed the presence of only creatine. The use of 
the Jaffé reaction failed to reveal any creatinine. 
The results of the creatine determinations are given 
in Table 3. About 100mg./100 ml. of seminal 
plasma is present, accounting for 20-25% of the 
non-protein nitrogen. It may be noted that the 
large amount of glutamic acid present does not 
interfere with this estimation, and that the 
qeatine content of seminal plasma is approxi- 
mately 100 times that in the blood plasma of the 
domestic fowl (Salander & Fisher, 1956). 


for the very extensive in this species. Since the semen is 
not diluted with accessory secretions, the glutamic 
acid concentration remains at a high level in 
ejaculated semen. Whether the glutamic acid plays 
a more specific or active part in the life of fowl 
spermatozoa than that of maintenance of pH and 
osmotic pressure is not known. Preliminary ob- 
servations indicate that glutamic acid is not 
utilized by the spermatozoa in vitro, in general 
agreement with the observations made by Tyler & 
Rothschild (1951) in the sea urchin, and by 
Gassner & Hopwood (1952) with bull spermatozoa. 
The metabolic pathway(s) giving rise to the high 
glutamic acid concentration is (are) not known. 
The large amount of creatine in testis tissue 
(Hunter, 1928; Eggleton et al. 1943; Ennor & 
Stocken, 1948) would suggest that the high concen- 
tration of this substance in cock seminal plasma is 


Solvent front 


DISCUSSION ; : oy 
een ; mainly of testicular origin. However, some of the 
nosphate In their study of bull seminal plasma Gassner & creatine may have arisen from the metabolism of 
alaneu: Hopwood (1952) found glutamic acid, alanine, the spermatozoa during their stay in the vas 
oaniline; glycine, serine and aspartic acid in the approxi- deferens. Wajzer & Brochart (1947) have reported 
lin spot | Mate amounts 20, 18, 10, 5 and 2,moles/100 ml., the occurrence of both phosphocreatine and phos- 


ted lines 
nounts. 


and Larson & Salisbury (1953) found about ten 
times these amounts. The same amino acids are 


phoarginine in boar sperm, so that this possibility 
must be examined. 
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SUMMARY 


1. Free glutamic acid in a concentration of about 
1 g./100 ml. has been chromatographically identi- 
fied in the seminal plasma of the domestic cock. 
Small amounts of alanine, aspartic acid, glycine, 
serine and an unidentified ninhydrin-reacting sub- 
stance have also been detected. About 100 mg. of 
creatine/100 ml. is also present. 

2. About 80% of the seminal plasma non- 
protein nitrogen is accounted for by glutamic acid 
plus creatine. 

3. It is probable that these substances are 
mainly of testicular origin and that the glutamic 
acid plays a major part in maintaining the osmotic 
pressure and pH. 
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It has previously been shown (Smith, 1957, 1958) 
that the proportion of dietary magnesium excreted 
in the faeces by milk-fed calves increases as the 
calves get older. It is not clear whether this 
increase is due to decreased absorption of mag- 
nesium, increased endogenous faecal excretion or in 
part to both. The values for endogenous faecal 
excretion reported by Blaxter & Rook (1954) do 
not give any information on this question since 
they refer only to young calves. 

The present work provides evidence on this 
matter and on the effect of the level of magnesium 
in the diet on the efficiency of magnesium ab- 
sorption. 

* Part 2: Smith (1958). 
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EXPERIMENTAL 


General 


The calves were all males and all were Friesians except for 
calf 7A, which was an Angus x Ayrshire crossbred, calf 11A 
which was an Angus x Shorthorn/Friesian. crossbred and 
calf 18B which was a Hereford x Ayrshire crossbred. 
The experiments consisted essentially in the determina- 
tion of faecal and urinary excretion of magnesium while the 
calves were receiving low-magnesium synthetic milk and, 
in some cases, whole milk containing different amounts of 
magnesium. The calves were reared on whole milk until the 
experimental periods were started and those kept longer 
than 9 weeks (2A, 4A, 7A and 11A) were given supple- 
ments of iron, copper and manganese from 9 weeks of age 
and 70 000 i.u. of vitamin D,/day from 18 to 23 weeks of 
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age. Balance experiments carried out on these four calves 
during the initial period when they were receiving whole 
milk have been reported previously (Smith, 1958), and 
further details of the treatment of the calves during this 
period are given in that paper. For at least 8 days before 
balance experiments on low-magnesium synthetic milk 
were carried out, the calves were kept in pens without 
bedding to ensure that no foreign matter was eaten. Milk- 
fed calves, particularly after they are a few weeks old, 

ss a great craving for solid food. Although our calves 
were muzzled they still contrived to ingest an appreciable 
amount of their bedding even though wood shavings were 
used for this purpose. The amounts of magnesium involved 
are not very important (less than about 4% of the total 
ingested magnesium) when a normal milk diet is given but 
might become relatively large when the low-magnesium 
synthetic milk is fed. In general, when balance experi- 
ments were carried out the calves were fed with the 
appropriate diet for 8 days before faeces and urine col- 
lections were started. These collections were made while 
the calves were kept in metabolism cages as described 
previously (Smith, 1957). 

Determinations of magnesium in plasma, milk, faeces 
and urine were carried out as previously described (Smith, 
1957). Determinations of polyethylene glycol in samples of 
faeces were carried out according to Smith (1959). 


Synthetic milk 


This was prepared essentially according to the procedure 
of Dr J. W. G. Porter (unpublished data), which was itself 
a modification of the method of Flipse, Huffman, Webster 
& Duncan (1950). The main difference in our procedure, 
apart from the omission of magnesium chloride, was in the 
replacement of calcium caseinate by Soluble Light White 
Casein (British Drug Houses Ltd.), which is essentially 
sodium caseinate (about 1-25 % of sodium) and had a lower 
magnesium content than other products tested. The re- 
sulting calcium deficit was made up by adding extra 
calcium chloride. The net result of these changes was to 
replace magnesium by an approximately equivalent 
amount of sodium. Apart from this our synthetic milk 
contained the major inorganic elements and radicals in 
approximately the proportions occurring in cows’ milk. 
The constituents of the milk are shown in Table 1. The 
casein was dissolved by adding it in successive small 
amounts to a volume of water equivalent to 10% of the 
fnal volume at about 80° with continuous mechanical 
agitation of the mixture. Glucose and the inorganic salts 
were dissolved in separate further amounts of water and 
added to the casein solution. The margarine was heated to 
about 60-70° and mixed with an approximately equal 
volume of water at about the same temperature and con- 
taining Lubrol W (Imperial Chemical Industries Ltd.) 
[14% (w/w) of the margarine]. The mixture was homo- 
genized in a Waring Blendor and the resulting cream added 
to the rest of the constituents. The vitamins were added in 
suitable solutions or suspensions to the cold mixture and 
the whole was made up to volume. The milk was usually 
prepared in batches of about 701. and stored at a temper- 
ature of 4° for not more than 2 weeks before use. 

Calves at about 3-5 weeks of age given 4-401. of syn- 
thetic milk/day gained in weight an average of 1-1 kg./ 
week, compared with about 2-1 kg./week for calves fed 
with a similar amount of whole milk. Corresponding 


ENDOGENOUS FAECAL EXCRETION OF MAGNESIUM 


Table 1. Composition of synthetic milk 
The milk was made up with distilled water. 


Component 


Casein (Soluble Light White, 
British Drug Houses Ltd.) 

Glucose 

Margarine 

Na,HPO,,12H,O 

K,HPO, 

Ca(OH), 

CaCl, ,6H,O 

Ferric citrate 

MnSO,,7H,O 

CuSO, ,5H,O 

CoSO,,7H,O 

Citric acid 

Thiamine 

Nicotinic acid 

Calcium pantothenate 

Pyridoxine hydrochloride 

Riboflavin 

p-Aminobenzoic acid 

«-Tocopherol 

Choline chloride 

Inositol 

Menaphthone 

Biotin 

Folic acid 

Vitamin A 

Vitamin D, 


Amount/I. 
33-4 g. 


76-8 g. 
13-4 g. 
3°82 g. 
2-94 g. 
1-21 g. 
3-40 g. 
0-18 g. 
0-04 g. 
0-04 g. 
0-04 g. 
1-18 g. 
1-1 mg. 
2-2 mg. 
2-2 mg. 
1-1 mg. 
2-2 mg. 
2-2 mg. 
1-1 mg. 
220 mg. 
22 mg. 
0-2 mg. 
0-01 mg. 
0-05 mg. 
1000 i.u. 
2000 or 
8000 i.u.* 


* 2000 i.u. for calves 2B, 4B, 18B and 12, 8000i.u. for 
calves 2A, 4A, 7A and 114A. 


figures for calves at about 26-32 weeks given 8-80 |./day 
were 1-4 kg./week on synthetic milk and 2-9 kg./week on 
whole milk. 

For determination of magnesium, a 20 ml. sample of the 
milk was shaken with 5 ml. of 20% (w/v) trichloroacetic 
acid. After allowing to stand at 37° overnight the mixture 
was filtered and 5 ml. of the filtrate added to a 15 ml. 
conical centrifuge tube. Subsequently the determination 
was carried out as described previously for the determina- 
tion of magnesium in whole milk (Smith, 1957). The 
synthetic milk contained about 0-6-0-8 mg. of magnesium/ 
100 ml. 


RESULTS 


Endogenous faecal magnesium 


The cumulative excretion of magnesium in the 
faeces of three calves (2B, 4B and 18B) receiving 
a diet of low-magnesium synthetic milk is shown in 
Fig. 1. The calves were 2-3 weeks old when the 
collections were started. Two of these calves were 
given daily subcutaneous injections of magnesium 
sulphate solution (equivalent to 1 g. of magnesium/ 
day) during part of the time. It was found that 
after about 3 weeks on the synthetic-milk diet (the 
calves had received this diet for 8 days before the 
collections started) the excretion of magnesium 
tended to increase. Calf 12, treated in a similar 
way to calf 4B between 9 and 13 weeks of age, 
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behaved in a similar manner in this respect. The 
change occurred irrespective of whether magnesium 
injections were given during the first (calf 18 B) or 
during the last (calves 4B and 12) half of the 
collection. Some increase of this type might be 
expected as a result of the previously reported 
(Smith, 1957) decrease in the intrinsic ability of 
calves to utilize magnesium as they get older. In 
these experiments, however, this effect was prob- 
ably reinforced by a general digestive impairment 
since the total bulk of the faeces increased con- 
siderably after about 3 weeks on the synthetic- 
milk diet. Thus for calves 4B and 18B respectively 
the average daily excretion of faeces was 49 g. 
(30% dry matter) and 53g. (33% dry matter) 
during the first 12 days of the collection and 





Cumulative magnesium excretion in faeces (g.) 


8 16 24 
Time after starting collection (days) 


Fig. 1. Cumulative excretion of magnesium in the faeces 
by calves receiving a diet of low-magnesium synthetic 
milk providing about 0-030 g. of magnesium/day. The 
calves were 2-3 weeks old when the collections started. 
During the periods shown by a solid line the calves were 
given daily subcutaneous injections of 1 g. of magnesium 
(as the sulphate). No injections were given during the 
periods shown by a broken line. 
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89g. (24% dry matter) and 121g. (31% dry 
matter) during the second 12 days. This was not 
due simply to uneven evacuation of faeces since 
polyethylene glycol, which was added to the diets 
of these two calves throughout the collections 
(2 and 5g./day respectively) was recovered to 
approximately the same extent (83-93%) in the 
first and last halves respectively of the collections, 

There was no indication that injection of 
magnesium led to any marked change in the endo- 
genous faecal excretion although urine excretion 
was enormously increased and plasma magnesium 
was maintained at or above normal levels (Table 2), 

In view of the possibility of digestive disturb- 
ances occurring after about 3 weeks on the syn- 
thetic-milk diet it appears that a more reliable 
estimate of endogenous faecal excretion can be 
obtained from our results by accepting only values 
for samples collected before that time. Such 
samples were used in deriving the results presented 
in Table 3. Since magnesium injections did not 
appear to affect endogenous faecal excretion 
markedly, results from two calves which received 


Table 2. Plasma magnesium and urine excretion 
of magnesium in young calves receiving low. 
magnesium synthetic milk with, in some cases, 
subcutaneous injections of magnesium 


Mean results (+8s.D.) are presented for calves 2B, 4B, 
18B and 12; no magnesium injections were given to calf 
2B. Two determinations (or during magnesium injection 
two pairs of determinations) of plasma magnesium were 
made for each calf during each period. 





Urine 
excretion of Plasma 
magnesium magnesium 
(mg./day) (mg./100 ml.) 
No injection 10+3 1-65+0-17 
Injection 720+30 2-16+0-09- 
(1 g. of magnesium/day) 3-59 +0-21* 


* The lower value was for samples taken 24 hr. after the 
injection; the higher value was for samples taken 1 hr. 
after the injection. 


Table 3. Faecal excretion of magnesium in calves receiving low-magnesium synthetic milk 


Mean values are presented for the calves shown. The daily excretion figures for each of the calves were averages (-+S.D.) 


derived from 8- or 12-day collections. 


Age Average 
range body wt. Milk fed 
(weeks) Calves (kg.) (l./day) 
2-5 2B, 4B, 18B 46 4-40 
9-11 12 50 4-40 
26-32 2A,4A,7A,11A 128 8-80 


* Assuming 100% absorption of dietary magnesium. ; 
+ Assuming no absorption of dietary magnesium (except for the youngest group of calves where a negative figure 
results from making this assumption). 


Endogenous faecal 
excretion of magnesium 


Average Faecal (mg./kg. body wt./day) 
magnesium excretion —----. Sd 
intake of magnesium Maximum Minimum 
(mg./day) (mg./day) estimate* estimatef 
30 29+4 0-63+0-10 0 
33 61 1-2 0-56 
55 315 +62 2-5+0°5 2-0+0-5 
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such injections have been included in Table 3. One 
was calf 18 B (see Fig. 1) in the younger group and 
the other was calf 2A in the older group. The latter 
calf suffered from convulsions soon after being 
transferred to the metabolism cage when it was 
receiving synthetic milk (plasma magnesium 
0-5 mg./100 ml.), and magnesium injections (daily 
subcutaneous injection of magnesium sulphate 
solution containing 1 g. of magnesium) had to be 
given as a therapeutic measure. With the exception 
of calf 18B (the plasma magnesium of calf 2A 
remained below normal at between 1-1 and 1-9 mg./ 
100 ml. despite the injections) all the animals were 
hypomagnesaemic during the faeces collections 
shown in Table 3, and they excreted very little 
magnesium in the urine (see Tables 2 and 4). 

Since the synthetic-milk diet unavoidably con- 
tained a small amount of magnesium, which may 
have appeared to a greater or lesser extent in the 
faeces as unabsorbed material, the results in 
Table 3 can only give with certainty maximum and 
minimum values for endogenous magnesium 
excretion, depending upon whether no absorption 
or complete absorption of dietary magnesium is 
assumed. However, it will be shown later that 
there is reason to suppose that the proportion of 
dietary magnesium absorbed by the older calves 
(mean about 40%) is, within the limits examined, 
largely independent of the level of magnesium 
intake. It seems reasonable therefore to assume 
that about 60% (considerable variation in this 
assumed figure would not affect the calculation 
very greatly) of the small amount of dietary 
magnesium would appear in the faeces. On this 
basis the mean endogenous faecal excretion of the 
four calves examined at 26-32 weeks of age was 
2-2 (s.v. + 0-5, range 1-4~-3-4) mg./kg. body wt./day. 
No similar information on the effect of the level of 
dietary magnesium on magnesium utilization has 
been obtained for the younger calves. In the 
absence of digestive disturbances, however, it 
seems probable for these calves that a low dietary 
level of magnesium would be absorbed at least as 
efficiently as a higher level. It will be shown later 
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(see Fig. 3) that calves of this age (2-5 weeks) 
absorb about 75% of the magnesium in a whole- 
milk diet. Assuming this absorption efficiency for 
the calves on synthetic milk it can be calculated 
that the mean endogenous faecal excretion of 
magnesium by these calves was 0-48 (s.p.+ 0-10, 
range 0-30—0-63) mg./kg. body wt./day. In this 
case differences in the assumed figure for absorption 
would have a considerable effect on the calculated 
result and this figure is therefore less reliable than 
that for the older calves. 


Effect of dietary intake of magnesium on 
efficiency of magnesium absorption 


When the experiment began the calves (2A, 4A, 
7A and 11A at 26, 25, 21 and 21 weeks of age 
respectively) had been receiving 8-801. of whole 
milk/day with additions of copper, iron and 
manganese and 70 000 i.u. of vitamin D,/day for at 
least 2 weeks (for details see Smith, 1958). Their 
plasma-magnesium levels were between 0-9 and 
1-8 mg./100 ml. Collections of faeces and urine 
were made for 8 days on this diet (period 1) and the 
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Fig. 2. Relationship between intake and faecal excretion 
of magnesium in calves 26-32 weeks of age. Mean values 
for four calves are given with standard deviations shown 
as vertical bars. The numbers shown by the experi- 
mental points correspond to the numbers of the periods 
described in the text, where details of diets are given. 


Table 4. Plasma magnesium and urine excretion of magnesium in calves receiving diets 
containing different levels of magnesium 


Mean results (--s.D.) are presented for calves 2A, 4A, 7A and 114; values for 2A on low-magnesium synthetic milk are 
omitted since this calf was given magnesium injections at that time. Two plasma-magnesium determinations were made 
for each calf during each period. All the calves received 8-80 1. of milk/day and, where appropriate, supplementary mag- 
nesium was given as the chloride. Other mineral and vitamin supplements were given as described in the text. 


Period Diet 
1 Whole milk 
2 Whole milk +supplementary magnesium 
3 Low-magnesium synthetic milk 


4 Whole milk 


Magnesium Urine excretion Plasma 
intake of magnesium magnesium 
(g./day) (mg./day) (mg./100 ml.) 
1-16 13+2 1-33+0-15 
3-10 210+110 1-88+0-11 
0-055 6+2 0-95 +0-13 
1-07 11+6 0-92+-0-10 
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calves were then given the same diet with the 
addition of 2 g. of magnesium/day (as the chloride). 
After 8 days another 8-day collection of faeces and 
urine was started (period 2) and the calves were 
then transferred to the low-magnesium synthetic- 
milk diet. After a further 8 days the collection of 
faeces and urine was started, from which the 
previously recorded values on endogenous faecal 
excretion were calculated (period 3). Finally the 
calves were returned to the whole-milk diet without 
supplementary magnesium and 8 days later a 
further 8-day balance period started (period 4). 
Mean figures for plasma magnesium and urine 
excretion of magnesium during these periods are 
given in Table 4. Mean values for faecal excretion 
at the different levels of intake are shown in Fig. 2. 
In comparing the effects of these different levels on 
the efficiency of magnesium utilization it is neces- 
sary to consider the possibility of changes occurring 
during the experiment in the intrinsic ability of the 
individual calves to utilize magnesium. For three 
of the calves (2A, 4A, 7A) there was little difference 
in the proportion of dietary magnesium appearing 
in the faeces between periods 1 and 4. The ability of 
these calves to utilize magnesium had by this time 
apparently reached a fairly steady state [after the 
initial fall when the calves were younger (Smith, 
1958)] and it is reasonable to conclude therefore 
that a similar intrinsic ability to utilize magnesium 
existed during periods 2 and 3. Calf 11 A showed an 
appreciable fall in its ability to utilize magnesium 
between periods 1 and 4 (57 and 85 % respectively 
of the intake appeared in the faeces) and the 
difference apparent in the means for these periods 
in Fig. 2 was principally due to this calf. However, 
even for this calf the overall mean value for periods 1 
and 4 is probably close to the true value obtaining 
between these two periods and can be compared 
with the results obtained for periods 2 and 3. 
Assuming therefore that the endogenous faecal 
excretion is constant for the different intake levels, 
the approximately linear relationship existing 
between magnesium intake and faecal excretion of 
magnesium revealed in Fig. 2 suggests that the 
proportion of dietary magnesium absorbed is 
largely independent of the level of intake. The 
mean calculated figure for efficiency of magnesium 
absorption by our calves was about 40%. 


DISCUSSION 


An increase on a unit body weight basis in the 
amount of endogenous faecal magnesium between 
calves aged 2-5 weeks and calves aged 26-32 weeks 
is apparent from our results whatever assumptions 
are made about the fate of the small amount of 
magnesium ingested on the synthetic-milk diet. 
Equally, however, the increase is insufficient to 
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account for more than a part of the decreased 
utilization of magnesium observed as milk-fed 
calves get older (Smith, 1957, 1958). This is 
shown in Fig. 3. Thus it seems that the main 
primary cause of this decrease in magnesium 
utilization and the concomitant hypomagnesaemia 
is decreased absorption of magnesium. It is prob. 
able that at least part of the increase in endo. 
genous faecal excretion is secondary to this change 
in absorption and is brought about by decreased 
reabsorption of magnesium secreted high up in the 
alimentary tract. Previous results (Smith, 1959) 
suggest that about 0-1 g. of magnesium would be 
secreted daily in the saliva of a 30 weeks milk-fed 
calf, so that this alone could contribute about 20% 
of the total endogenous excretion if only about 
40 % were reabsorbed. 

The question remains whether the poor mag. 
nesium-absorption efficiency developing in older 
milk-fed calves and the apparent inability of such 
calves to increase this efficiency on low dietary 
intakes is a particular property of the milk diet or 
a normal physiological quality of the calf. Since 
there did not appear to be any data in the literature 
on the proportion of dietary magnesium excreted in 
the faeces by normally fed calves at about 6-9 
months of age, we have analysed feed and faeces 


Absorbed, 
re-excreted 
in faeces 


Absorbed, 
excreted 
in urine 





25-35 weeks 
of age 


2-5 weeks 
of age 
Fig. 3. Diagrammatic representation of the fate of 
magnesium ingested by milk-fed calves of different 
ages. The total heights of the columns represent the 
magnesium intake and the divisions shown are mean 
results based on balance data reported previously (Smith, 
1957, 1958) and on estimates of endogenous faecal 
excretion reported in the present paper. The younger 
calves were receiving 4-401. of milk/day and the older 
calves 8-80 1. of milk/day. 
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samples obtained in 7-day balance experiments 
carried out on steers of this age by Dr J. C. 
Murdoch for another purpose. For animals 
receiving hay (10 balance periods with four calves) 
and silage+flaked maize (eight balance periods 
with four animals) the mean proportions of dietary 
magnesium in the faeces were 88-3+1:5% and 
785+ 1-3% respectively. Making an allowance of 
22mg./kg. body wt./day for endogenous faecal 
excretion these figures correspond to absorption 
efficiencies of about 21 and 27% respectively. It 
appears therefore that these normally fed calves 
did not absorb magnesium more efficiently than 
our milk-fed calves of a similar age (see Fig. 3). 
It should be remarked, however, that normally fed 
calves receive some five times as much magnesium 
as calves given milk, so that in them this absorption 
provides an excess of magnesium which is excreted 
in the urine. There is little information on whether 
normally fed calves can become adapted to lower 
magnesium intakes by greatly increasing absorption 
efficiency, although the fact that Ray (1942) has 
reported the occurrence of hypomagnesaemia in 
calves receiving a diet of wheat straw and cereals 
(providing a magnesium intake of the order of a 
half of that which would be provided by hay and 
cereals) suggests that they cannot. Results of 
most balance experiments on adult bovines 
(Blaxter & McGill, 1956) suggest that a poor 
ability to absorb magnesium is usually maintained 
to a similar degree in older animals. 

Our results for endogenous faecal excretion for 
older calves are compatible with the results for 
adult bovines (3-5 mg./kg. body wt./day) quoted 
by Blaxter & McGill (1956). Our figures for calves 
of about 2-5 weeks of age are, however, consider- 
ably lower than the figures quoted by these authors 
for young calves [3-4 mg./kg. body wt./day—data 
presumably derived from the results of Blaxter & 
Rook (1954)]. It seems possible that the magne- 
sium-absorption efficiency in the calves used in 
deriving the latter figures had already fallen con- 
siderably at the time of measurement. Our values 
for young calves are similar on a unit body weight 
basis to the values for endogenous faecal excretion 
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of magnesium in dogs (about 0-9 mg./kg. body 
wt./day) obtained by Nicolaysen (1936). This 
author also found that magnesium injection did not 
markedly affect endogenous faecal excretion. 


SUMMARY 


1. Determinations of the faecal excretion of 
magnesium in calves fed with low-magnesium 
synthetic milk have been used to estimate endo- 
genous faecal excretion. With certain assumptions, 
this excretion has been calculated to be about 
0-5 mg./kg. body wt./day at 2-5 weeks of age and 
to increase to about 2-2 mg./kg. body wt./day at 
26-32 weeks. This increase is not sufficient to 
account for the decrease which occurs in the 
utilization of magnesium with age in milk-fed 
calves. Both phenomena are probably secondary 
to a decrease in absorption efficiency. 

2. Subcutaneous injection of magnesium sul- 
phate had no apparent effect on the endogenous 
faecal excretion. 

3. The average efficiency of magnesium ab- 
sorption in milk-fed calves aged 21-34 weeks was 
estimated to be about 40%. This appeared to be 
largely independent of dietary magnesium at least 
up to an intake of about 3 g./day. 
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The Effect of Parathormone on the Uptake of **P into 
Adenosine Triphosphate and Bone Salt in Kittens 
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Dawson, Weidmann & Jones (1957) showed that in 
adult cats and rabbits one of the major effects of 
Para-Thor-Mone (Eli Lilly and Co.) (parathormone) 
is to decrease the uptake of **P into the subend- 
osteal layer of the diaphyseal shaft. The effect was 
maintained in nephrectomized animals and it was 
concluded that parathormone had a direct effect on 
bone. It appears that parathormone affects 
particularly areas of bone with a high specific 
activity. 

In young animals which have received **P the 
specific activity of the phosphorus is much greater 
in all areas of shaft bone than with adult animals 
under the same conditions, the subperiosteal layer 
showing a higher activity than the subendosteal 
layer (Weidmann & Rogers, 1958). The highest 
specific activities for inorganic phosphate in hard 
tissues were found in the orthophosphate of calci- 
fying cartilage (Whitehead & Weidmann, 1957). 
The trichloroacetic acid-soluble fraction of cartilage 
was also examined for organic phosphorus com- 
pounds and adenosine triphosphate, which was the 
only one present in measurable quantities, showed 
a high specific activity. The presence of this com- 
pound is interesting because adenosine triphos- 
phate has been suggested as an important inter- 
mediate in the calcifying mechanism (Cartier & 
Picard, 1951). 

The present work was carried out with two 
objects in view: (a) to determine the effect of parat- 
hormone on bones which acquire different activity 
after administration of **P, and (b) to investigate 
the effect of parathormone on cartilage adenosine 
triphosphate. It was hoped to elucidate further the 
mechanism of parathormone action and the signi- 
ficance of adenosine triphosphate in endochondral 
calcification. 


METHODS 


Owing to the biological variaton of specific activities of the 
phosphorus in the hard tissues in young animals, the 
experiments were carried out with litter-mate pairs. 
Previous results had shown that a reasonable similarity 
exists within litters. 

The experimental kittens, aged between 7 and 15 days, 
were divided into two groups, those receiving three daily 
injections of the hormone and those given only one dose. 
The animals were treated with 200 v.s.P. units of Para- 
Thor-Mone (Eli Lilly and Co.)/day/kg. body wt., injected 
intraperitoneally. Certain of the control animals were also 


injected with a comparable volume of physiological saline, 
Whilst undergoing this treatment the experimental and 
control animals were kept together with the mother. Both 
groups were injected intraperitoneally with 330 yc of 
carrier-free **P/kg. body wt. 16 hr. after the final ad. 
ministration of the hormone. The animals were killed 2 hr, 
later. Blood samples were taken by heart puncture under 
anaesthesia immediately before death. 

Serum. The serum was analysed for inorganic phosphate 
and *2P content as previously described (Rogers, Weidmann 
& Jones, 1953). 

Long bones. The tibiae, femora and humeri were dissected 
and cleaned by the usual techniques. Estimations for 
%2P uptake in the cortical and cancellous bone were carried 
out as described by Rogers et al. (1953). The **P uptake 
in the subendosteal and subperiosteal layers of the femur 
was measured by extraction with 90% (w/v) saturated 
ammonium sulphate by the wax-protection method 
(Weidmann, 1956). 

Cartilage. The limb cartilages were analysed as recently 
described (Whitehead & Weidmann, 1957). Since the tri- 
chloroacetic acid extract of cartilage contains only adeno. 
sine triphosphate and orthophosphate in detectable 
quantities an adequate separation of these compounds is 
achieved by one-dimensional paper chromatography with 
the solvent and conditions described in the above-men- 
tioned paper. 

The specific activities have been expressed throughout 
this paper as the following ratio: 

(Counts/min./mg. of P) x 10° 
Administered counts/min./kg. body wt.” 


This formula is similar to that used in previous studies 
(Rogers et al. 1953) except that the factor 10® is replaced by 
10°, because in the present work 330 yuc/kg. is used as 
the standard injection instead of 33 uc/kg. 


RESULTS 


In order to obtain a clear picture of parathormone 
action, the weights of the kittens which received 
multiple injections of hormone were measured each 
day during the experiment. The average increase in 
weight of control animals over the period of 3 days 
was 25g., whereas the experimental group in- 
creased by only 12g. The growth rate of those 
controls which were injected with saline was the 
same as the uninjected animals. Hence parat- 
hormone acts to some extent as a growth inhibitor, 
but the animals continued to feed from the mother 
during the experiment and were apparently as 
active as the controls. The reduced growth rate is 
therefore more likely to be due to a general effect of 
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parathormone on the metabolism of the animals, 
than a result of their being too ill to feed. The 
typical effect of parathormone injection in increas- 
ing serum calcium is shown in Table 1, in which an 
increase in all the pairs can be seen. 

The effects on serum inorganic phosphate and on 
the specific activity of the incorporated **P were 
also measured and the results are recorded in 
Tables 2 and 3. Statistical analysis shows that 
parathormone produces no significant alteration in 
either of these values in the two groups studied. 
This is an important finding because it could be 
argued that the results for bone presented below are 
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not due to a specific effect of parathormone on hard 
tissue, but due to its general effect on phosphorus 
metabolism, consequently impairing the distribu- 
tion of isotope. The lack of difference between the 
experimental and control serum specific activities 
shows, however, that isotope available for bone-salt 
labelling is unchanged by the treatment. 


Effect of parathormone on the 
uptake of **P into bone 


In order to compare these results with those of 
adult animals, the effect of parathormone on the 
uptake *2P was measured both in average samples of 


Table 1. Effect of parathormone on the concentration of total serum calcium in kittens 


Each figure represents the result from one kitten. 


Multiple injections 





Control 
(mg./100 ml.) 
13-8 
13-4 


Litter Experimental 
no. (mg./100 ml.) 

26-1 

25-0 

16-4 12-8 

14-0 12-8 


ASO Oho 


Single injection 
Experimental 
(mg./100 ml.) 

18-6 
19-3 
21-5 
17-3 
17-9 


Control 
(mg./100 ml.) 
10-9 
10-9 
11-4 
11-8 
11-2 


Table 2. Effect of parathormone on the concentration of serum inorganic phosphorus 
in kittens, measured 2 hr. after injection of *®P 


Multiple injections 
eel 


Experimental 
(mg. of (mg. of Effect 
P/100 ml.) P/100 ml.) %) 
8-9 9-4 —5 
11-7 -9 
10-3 -6 
10-3 — 24 
10-6 -ll 
10-6 +9 
8-9 +8 


— §* 


es 
Control 


Average 


* Not considered significant (P 0-3). 


Single injection 


Experimental Control 
Litter (mg. of (mg. of 
no. P/100 ml.) P/100 ml.) 
8 9-5 9-5 
9 10-6 10-6 
10 11-0 11-0 
11 9-4 9-7 
12 7:8 8-0 


Average 
+ Not considered significant (P 0-2). 


Table 3. Effect of parathormone on the specific activity of serum inorganic phosphate, 
measured 2 hr. after injection of **P 


(a) Multiple injections 
Specific activity 

Litter ——_—— —~, Effect 

no. Experimental Control (% 
220 000 210 000 
185 000 190 000 -3 
210 000 230 000 
286 000 230 000 
185 000 200 000 
200 000 200 000 
7 206 000 200 000 


Average 


Looe Wb = 


a 
Ss 


* Not considered significant (P <0-5). 


(b) Single injection 
Specific activity 
Litter ————“ 
no. Experimental 
8 258 000 
9 217 000 
10 209 000 
il 266 000 
12 259 000 


Control 


264 000 
210 000 
211 000 
236 000 
226 000 


Average 


+ Not considered significant (P <0-2). 
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cortical and cancellous bone, and in the subperi- 
osteal and subendosteal layers of femur. The results 
for cortical and cancellous bone are presented in 
Tables 4 and 5. In the cortical bone a small but 
significant diminution in uptake occurs in both 
groups studied. There is little difference between 
the effect of single and repeated injections of parat- 
hormone. In the cancellous bone, however, re- 
peated injections of the hormone produce a much 
greater inhibition of uptake of **P than overnight 
injection. 










(a) Multiple injections 
Specific activity 








Litter = =-———___"~——""_ Effect 

no. Experimental Control (%) 

1 2500 3320 -30 

2 3650 4050 -10 

3 3080 4640 —30 

4 3620 4600 — 26 

5 3640 4500 -19 

6 4100 4100 -9 

7 3550 3650 -2 
Average — 18* 


(a) Multiple injections 
Specific activity 
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Table 4. Effect of parathormone on the specific activities of phosphorus in the cortical bone of kittens, 
measured 2 hr. after injection of **P 


* Significant at P<0-01. 


Table 5. Effect of parathormone on the specific activities of phosphorus in the cancellous bone of kittens, 
measured 2 hr. after injection of **P 


1959 
These results are in direct contrast with thoge 
found in adult cats and rabbits (Dawson et aj, 
1957), where there was no significant effect on these 
tissues even after repeated injections of parat- 
hormone for 9 days. The results are in agreement 
with those of Engfeldt & Zetterstrém (1954), who 
found similar results to ours in young rats. 
Table 6 shows the effect produced in the sub. 
periosteal layer of the femur. A single injection of 
the hormone results in only a small inhibition of 
isotope incorporation; multiple dosage, however, 


(b) Single injection 
Specific activity 


Litter 9 -———* Effect 

no. Experimental Control (%) 

8 5210 7250 — 28 

9 4500 7300 — 38 

10 2850 3290 -14 

11 4330 6090 -29 

12 4200 4970 -16 
Average — 25* 


(6) Single injection 
Specific activity 












* Significant at P <0-001. 





Litter = ———*+—_——_,, Effect Litter Effect 
no. Experimental Control (%) no. Experimental Control (%) 
1 3 060 4 320 —30 8 9 520 10 000 -5 
2 5 570 6 120 -9 9 5 690 8 260 — 32 
3 4 390 10 000 — 56 10 3 520 15 160 — 30 
4 6 900 10 000 -31 ll 6 210 9 400 — 34 
5 3 070 10 000 — 69 12 4 570 7140 — 36 
6 6 200 10 000 —38 
7 3 570 8 300 -57 
Average -41* Average — 25T 
* Significant at P <0-001. + Just significant at P<0-05. 
Table 6. Effect of parathormone on the specific activities of phosphorus in the subperiosteal layer 
of the femur, measured 2 hr. after injection of **P 
(a) Multiple injections (b) Single injection 
Specific activity Specific activity 
Litter ———_—, Effect Litter (oa Effect 
no. Experimental Control (% no. Experimental Control (%) 
1 — -- — 8 25 400 29 300 -14 
2 = — — 9 20 600 29 000 -29 
3 4840 25 000 -80 10 12 300 22 500 —45 
4 13 300 25 300 — 48 11 18 400 21 100 -13 
5 3 490 27 000 — 86 12 20 500 23 300 -12 
6 5 460 15 000 — 63 
7 3 600 27 000 — 86 
Average -—73* Average — 23T 


{ Just significant at P <0-05. 
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results in very marked changes. The subperiosteal 
layer of the femur in normal kittens has a specific 
activity five times that of a sample from the whole 
cortex. In the parathormone-treated animals, the 
incorporation of isotope into this layer is so much 
reduced that its specific activity is almost identical 
with that of the whole tissue. Again, this result is 
in contrast with that found in adult animals, where 
no significant effect was detected in this area. The 
results for the subendosteal layers (Table 7) are 
similar to those found in the subperiosteal layers; 
thus the specific activity of phosphorus is con- 
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siderably reduced in both surfaces of the shaft 
bone. In adult animals the only effect observed 
was in the subendosteal area. 

The results obtained with the control kittens 
show an upward gradation in specific activity of 
incorporated **P in the increasing order: cortical 
bone, cancellous bone, subperiosteal layer, the 
uptake being significantly greater in the subperio- 
steal layer compared with the cancellous bone, and 
in the cancellous compared with the cortical bone 
(difference, P<0-01). On comparison with the 
corresponding effects produced by multiple 


Table 7. Effect of parathormone on the specific activities of phosphorus in the subendosteal layer 
of the femur, measured 2 hr. after injection of **P 


(a) Multiple injections 
Specific activity 
Effect 


Experimental Control %) 


10 600 56 

10 600 -27 

13 300 — 60 

7 600 —37 

13 000 — 68 
~ 50* 


4 840 
7 700 
5 300 
5 000 
4 050 


Average 


Average 


(b) Single injection 
Specific activity 
Litter a 
no. Experimental Control 
8 8 440 9 240 
9 7 190 9 180 
10 4 460 4 610 
ll 6 200 7 680 
12 4 200 5 310 


— 15* 


* Significant at P <0-01. 


Table 8. Effect of parathormone on the specific activities of the orthophosphate in the epiphyseal cartilage, 
measured 2 hr. after injection of =P 


(a) Multiple injections 


Specific activity 

Litter a 

no. Experimental Control 
21 000 47 000 
40 000 56 000 
26 000 55 000 
45 000 55 000 
33 000 2 000 
32 000 68 000 
33 000 72 000 


Effect 
(%) 
-— 55 
—29 
—53 
-18 
— 54 
-—53 
— 54 
— 45* 


* Significant at P <0-001. 


AQ Who 


Average 


(b) Single injection 
Specific activity 
Litter ee = 
no. Experimental Control 
8 62 500 75 400 
9 58 500 64 600 
10 49 000 51 800 
11 58 000 64 600 
12 65 000 63 000 


Average 


+ Not significant (P <0-1). 


Table 9. Effect of parathormone on the specific activities of adenosine triphosphate, 
measured 2 hr. after injection of **P 


(a) Multiple injections 
Specific activity 

Effect 
(%) 
— 52 
-27 
— 56 
-27 
-72 
— 64 
— 68 
-52* 


Litter 
no. Experimental 

10 400 
18 200 
11 000 
18 500 
10 800 
13 500 
12 300 


Control 


21 300 
25 000 
25 200 
25 000 
38 000 
36 000 
38 000 


ASP wh 


Average 


(b) Single injection 
Specific activity 
Litter cr 
no. Experimental 


8 14 600 
9 17 500 
10 13 200 
11 15 000 
12 20 000 


Control 
27 600 
36 000 
26 400 
29 000 
29 600 


Average 


* Significant at P<0-001. 
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injection of parathormone, it will be seen that the 
percentage inhibition produced in the uptake of 
isotope is 73 % in the subperiosteal layer, which is 
significantly greater than the 41 % produced in the 
cancellous bone (P < 0-01). Similarly, the cancellous 
bone is more affected than the cortical bone, where 
only 18% reduction is found; the difference 
between the two groups being just significant 
(P<0-05). Thus in the long bones parathormone 
has its greatest effect in areas where the highest 
32P uptake is found. The previous observation that, 
in adult animals, the only area affected was the 
subendosteal layer, which shows a considerably 
higher uptake of isotope than any other area, 
agrees with this generalization. 


Effect of parathormone on the uptake 
of **P into cartilage 


The results obtained from the cartilage estima- 
tions are recorded in Tables 8 and 9. It is inter- 
esting to compare the specific activities of the **P 
incorporated into the orthophosphate and into the 
adenosine triphosphate. Sixteen hours after a 
single injection of parathormone, the uptake of *2P 
into the orthophosphate is very little affected; the 
adenosine triphosphate turnover is, on the other 
hand, considerably reduced (45%). Repeated 
injections of the hormone have no further significant 
effect on the adenosine triphosphate turnover, the 
inhibition remaining at about 52% below the 
control values. Repeated injections of the hormone, 
however, bring about a marked reduction in the 
turnover of the orthophosphate fraction. It would 
appear that the action of parathormone results in 
a very rapid reduction of adenosine triphosphate 
turnover, which is followed more slowly by in- 
hibition of uptake of **P into the orthophosphate of 
bone salt. 


DISCUSSION 


The uptake of labelled ion into hard tissues results 
mainly from two reactions: ionic exchange between 
bone and blood minerals and through mechanisms 
connected with cellular activity. In growing tissue 
both these reactions occur to a marked extent, but 
because of the rapid rate of the ionic-exchange 
reaction compared with the uptake of isotope 
resulting from cellular activity, it was suggested 
that in short-term experiments the physico- 
chemical factors dominate (Neuman & Neuman, 
1953). This might seem to render it impossible to 
establish a relationship between cellular processes 
and isotope incorporation in short-term experi- 
ments. The present results, and those of Dawson 
et al. (1957), show, however, that in this type of 
experiment treatment with parathormone pro- 
duces profound effects on the uptake of **P into 
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hard tissues, especially in those areas with a very 
active metabolism. 

The results for the long bones confirm the sup. 
position of Dawson et al. (1957) that only the more 
active areas of bone are susceptible to parathor. 
mone action. In the adult animal only the sub. 
endosteal layer is affected, i.e. the layer which 
shows the highest uptake of isotope (Weidmann, 
1956). Estimation of whole-bone samples in adult 
animals showed no effect from hormonal treatment, 
owing to the presence of a large mass of compara. 
tively inactive bone. In young animals the effect is 
more widely distributed. The masking effect by the 
inactive bone is still present, as shown by the 18% 
reduction occurring in the whole cortical bone 
compared with the 60—70 % found in the layers of 
long bones of animals treated by multiple dosage. 
These results also demonstrate that the maximum 
effect of parathormone on the uptake of ®P in 
bone salt is achieved only with multiple dosage of 
the hormone. This correlates well with findings in 
adult cats where the reduced activity in the sub- 
endosteal layer was demonstrable only after 
9 days’ treatment (Dawson et al. 1957). 

The ossifying cartilage provides the most inter- 
esting results. Parathormone has a rapid effect on 
the metabolism of cartilage cells, as shown by the 
immediate reduction in turnover of adenosine tri- 
phosphate. This effect on energy-rich phosphate 
metabolism is supported by the recent findings of 
Dawson & Jones (1957), who have demonstrated 
that parathormone reduces the ability of aged, 
washed homogenates of liver and kidney to carry 
out oxidative phosphorylation. There was a 
reduced formation of organic phosphate from 
inorganic phosphate when the cyclophorase system 
was coupled with a hexokinase preparation. The 
action of parathormone was also associated with 
steps of the citric acid cycle between citrate and 
«-oxoglutarate, and between «-oxoglutarate and 
succinate. It was suggested that parathormone 
activity could be explained if the production of 
adenosine triphosphate in cells was decreased. 

Laskin & Engel (1956) have emphasized the 
probable importance of the citric acid cycle in bone 
metabolism as a result of their studies in parat- 
hormone-treated young albino rabbits. In these 
animals the respiration of bone slices is consider- 
ably reduced, and accompanied by a comparable 
reduction in succinic dehydrogenase activity. 
Further evidence of the importance of oxidative 
processes in the production of energy-rich phos- 
phate in cartilage is provided by unpublished 
results of the present authors. Injections of dini- 
trophenol in sufficiently small amounts to have no 
obvious effect on the animals produced a very 
rapid inhibition of turnover of cartilage adenosine 
triphosphate. The effects were in many respects 
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comparable with the parathormone results dis- 
cussed in this paper. It seems therefore reasonable 
to assume that oxidative phosphorylation plays an 
important role in the formation of cartilage adeno- 
sine triphosphate, and that its reduced turnover 
resulting from parathormone treatment occurs 
from inhibition of this mechanism. 

Adenosine triphosphate has for some time been 
suspected as an intermediate in the calcification 
mechanism. Cartier & Picard (1951) showed in 
vitro that at a physiological pH adenosine triphos- 
phate produces much more intense calcification 
than any other phosphate ester. More recently they 
have demonstrated (Cartier & Picard, 1955a, b, c; 
Cartier, 1957) that enzyme systems utilizing 
adenosine triphosphate are important only in the 
initial stages of calcification. According to these 
authors the fixation of pyrophosphate has an in- 
itiating effect on the deposition of tricalcium 
phosphate. Further evidence of this stimulating 
effect of adenosine triphosphate on the calcification 
mechanism comes from the work of Sobel, Burger 
& Deane (1957), who found that prior treatment 
with adenosine triphosphate of chondroitin sul- 
phate containing demineralized bone enables re- 
calcification to occur in vitro at physiological 
concentrations of calcium and phosphorus. This 
evidence suggests that adenosine triphosphate is 
important in the formation of a primary seed, after 
which bone salt crystallizes out automatically and 
independently of cellular processes. If this is the 
case then any factor affecting adenosine triphos- 
phate production would be expected to have a 
marked effect on bone-salt formation. The possible 
role of a seeding mechanism in relation to bone-salt 
formation has recently been reviewed by Neuman 
& Neuman (1958). If it is assumed that adenosine 
triphosphate is an intermediate in the seeding 
mechanism of hard tissues then the present results 
can be interpreted in the following way. The uptake 
of *P into hard tissue of young animals will depend 
(a) on the formation of the seed by cellular pro- 
cesses, (6) on the newly formed bone salt which is 
automatically crystallized out on to the seed, and 
(c) on the high ionic exchange always associated 
with newly formed bone salt (Neuman & Neuman, 
1957). At present the possibility cannot be ex- 
cluded that the reduced metabolism of adenosine 
triphosphate could also result in an impaired 
matrix formation. 

Atshort time intervals after injection of the parat- 
hormone into the animals, although the turnover 
of the adenosine triphosphate is rapidly reduced, 
the effect of this is not immediately observed in the 
incorporation of 32P into bone salt. It is suggested 
that there is an excess of seed which as it were 
buffers the inorganic phosphate against changes in 
adenosine triphosphate metabolism. This assump- 
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tion is supported by the fact that cartilage ortho- 
phosphate is little affected after overnight treat- 
ment with the hormone, whereas the adenosine 
triphosphate shows a considerably reduced in- 
corporation of the isotope. As time proceeds the 
reduced metabolism of adenosine triphosphate will 
result in a diminished seed formation and, as a 
consequence of this, less crystallization of bone salt 
will take place, which will result not only in a 
reduced incorporation of isotope from this source 
but also from a subsequently reduced ionic ex- 
change. This could explain the delayed effect of 
parathormone on bone salt. 

Results obtained with parathormone require 
careful interpretation because of the impurity of the 
preparation. Recently Rasmussen (1957) has 
prepared a sample of parathyroid extract which 
moves as a single zone on electrophoresis and as a 
single peak in the ultracentrifuge. This preparation 
causes both serum calcium rise and serum phos- 
phate fall. J. Dawson & E. A. Jones (personal 
communication) have recently used a sample of 
this pure preparation. It inhibited oxidative phos- 
phorylation in a similar way to Para-Thor-Mone 
(Eli Lilly and Co.), the preparation used in the 
present work. This provides evidence for the 
possibility that the results presented here are a 
true action of the parathyroid hormone. 


SUMMARY 


1. Parathormone reduces the uptake of *P 
into all the areas of hard tissue studied in young 
kittens; the effect is greatest in the most active 
areas. 

2. Parathormone causes a reduced incorpora- 
tion of **P into cartilage adenosine triphosphate. 
The possible importance of this ester in the calci- 
fication mechanism has been discussed. 

3. These effects on hard tissue are accompanied 
by a reduced growth rate, which suggests a more 
general effect of parathormone on metabolism. 
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Mammalian Glycosidases 
DISTRIBUTION IN THE BODY 


By J. CONCHIE, JUNE FINDLAY anp G. A. LEVVY 
Rowett Research Institute, Bucksburn, Aberdeenshire 


(Received 6 August 1958) 


The enzyme f-glucuronidase is universally distri- 8-glucuronidase in response to hormones and other 
buted in mammalian tissues, and has been ex- extrinsic agents has been made by Conchie & 
tensively studied from many aspects (see Levvy, Findlay (1958). 

1956; Levvy & Marsh, 1959). Investigations on the 

changes in activity of the enzyme in vivo in re- EXPERIMENTAL 

sponse to extrinsic agents have been complicated fi 
by genetic factors which can lead to considerable Materials 

variations in activity and response within a species. Phenolphthalein £-p-glucuronide was prepared _biosyn- 


It has been concluded, however, that the enzyme is _ thetically by the method of Talalay, Fishman & Huggins 
under endocrine control, though its function in the (1946). 


o-Nitrophenyl £-p-glucoside, prepared as described for 


. : . the galactoside (Seidman & Link, 1950), had m.p. 152° 
lian cell migh 8 ° , tae: 
It was considered that the mammalian cell might [a}¥f —107° in water (c, 1-2); Montgomery, Richiaget & 


contain other glycosidases behaving similarly tO ‘Hudson (1948) give the anmse constante. 
B-glucuronidase, and to obtain a preliminary Phenyl «-p-galactoside, prepared as described for the 
information on this point various tissues have been _giucoside (Montgomery et al. 1942), had m.p. 145°, [a]}¢ + 
screened for glycosidase activity with a number of 215° in water (c, 1-4); Helferich & Appel (1932) give m.p. 
chromogenic substrates. With those enzymes which 146°, [a]p +217°. 

appeared most active in all the tissues examined, p-Nitrophenyl «-p-mannoside, prepared as by Jermyn 
namely a-mannosidase, f-galactosidase and ~-N- (1955), had m.p. 180-181° and [a] }) + 145° in water (c, 0-2), 
acetylglucosaminidase, a study has been under- The following compounds were also prepared: p-nitro- 
taken of their distribution in the mouse and the rat. Phenyl N-acetyl-f-p-glucosaminide (Findlay, Levvy & 
F a alt .  siaiateateihiaen aabiut., Marsh, 1958); phenyl N-acetyl-a-p-glucosaminide and 

or purposes of comparison, B-g t ' 

; phenyl N-acetyl-8-p-glucosaminide (Conchie & Levvy, 
ties have also been measured, and extended to a 1957 b); o-nitrophenyl f-p-galactoside (Seidman & Link, 
number of hitherto unexamined tissues. 1950); p-nitrophenyl «-p-glucoside and phenyl -D- 

Parts of this work have been described in pre- _xyloside (Montgomery et al. 1942); phenyl B-p-mannoside 
liminary communications (Conchie, Findlay &  (Helferich & Winkler, 1933); D-mannono-1:4-lactone 
Levvy, 1956, 1957; Conchie, 1957). Comparative (Nelson & Cretcher, 1930). 
studies of f-glucuronidase, «-mannosidase and 2-Acetamido-2-deoxy-D-gluconolactone (N-acetylglucos- 
B-N-acetylglucosaminidase in cancer tissues have aminonolactone) was prepared by oxidation of N-acetyl- 
already hone published (Conchie & Levvy, 1957a), glucosamine with HgO as described by Findlay et al. (1958). 


aE : : ; -G -1:4- 2 WwW i . Light and 
as has the distribution of glycosidases in semen, wae ii-toctone was obtains em is Se 


sperm and male accessory secretions of many Saccharate solutions, prepared from potassium hydrogen 
mammalian species (Conchie & Mann, 1957). saccharate (British Drug Houses Ltd.), were boiled before 

A study of the changes in vivo of «-mannosidase, use for 30 min. to cause one-third conversion into saccharo- 
8-galactosidase, B-N-acetylglucosaminidase and _1:4-lactone (Levvy, 1952). 


body remains obscure. 
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The white mice used were from our Institute colony 
(Tyler’s Original: Mill Hill Colony). The C3H strain was 
obtained from the Institute’ of Physiology, Glasgow 
University. 

Enzyme preparations 

After dissection, tissues were gently pressed between 
pieces of hardened filter paper before recording the wet 
weight. All tissues to be assayed were homogenized in 
water with a glass homogenizer (Jencons Ltd.), and the 
final volume of enzyme preparation arranged to give a 
suitable liberation of aglycone in the enzyme assay (30- 
40g. of phenolphthalein, 60-120 yg. of p-nitrophenol, 
80-140 pg. of o-nitrophenol and 30-50 ug. of phenol). 


Enzyme assays 


B-Glucuronidase. Liberation of phenolphthalein from 
0-625 mm-phenolphthalein f-glucuronide in 0-05M-acetic 
acid-NaOH buffer, pH 5-2, was measured as by Levvy 
(1952). 

a-Mannosidase. For some of the earlier assays, liberation 
of p-nitrophenol from 2 mm-p-nitrophenyl «-mannoside in 
0-2m-Na,HPO,—0-1 M-citric acid buffer, pH 4-6 (McIlvaine, 
1921), was measured as by Conchie (1954) for the hydrolysis 
ofo-nitrophenyl B-glucoside. Later, the following modifica- 
tion was adopted. To 3 ml. of buffer, pH 4-6, was added 
05ml. of 16mm-p-nitrophenyl «-mannoside solution 
(giving a final concentration in the incubation mixture of 
2mm), and 0-5 ml. of enzyme preparation. The mixture was 
incubated for 1 hr. at 37°, and the reaction stopped by the 
addition of 4 ml. of 0-4m-glycine-NaOH buffer, pH 10-8. 
After centrifuging at 1500 g for 20 min., the liberated p- 
nitrophenol was measured on the Spekker photoelectric 
absorptiometer with Ilford no. 601 violet filters (peak 
transmission 430 my). 

B-Galactosidase. Liberation of o-nitrophenol from 2:5mm- 
o-nitrophenyl f-galactoside in 0-2m-Na,HPO,-0:1 m-citric 
acid buffer, pH 3-6 (McIlvaine, 1921), was measured as 
described in the above modification for «-mannosidase 
assays. 

B-N-Acetylglucosaminidase. (a) Liberation of p-nitro- 
phenol from 5 mm-p-nitrophenyl N-acety]-8-glucosaminide 
in0-05 m-citric acid-NaOH buffer, pH 4-4, was measured as 
described by Findlay et al. (1958). 

(b) Liberation of phenol from 10 mm-phenyl! N-acetyl-f- 
glucosaminide in 0-05m-citric acid-NaOH buffer, pH 4-3, 


MAMMALIAN GLYCOSIDASES 


319 


was. measured by the procedure of Kerr, Graham & Levvy 
(1948), using the Spekker absorptiometer with Ilford no. 
608 red filters (peak transmission 680 my). The conditions 
of assay were those described by Pugh, Leaback & Walker 
(1957). The liberation of N-acetylglucosamine (measured as 
by Aminoff, Morgan & Watkins, 1952) and phenol took 
place in equimolecular proportions, confirming the previous 
observations of Pugh et al. (1957). Roseman (1957) has 
observed that animal tissues do not hydrolyse N-acetyl- 
glucosamine. 

Lactase. Liberation of glucose from lactose was measured 
specifically by the glucose oxidase method of Huggett & 
Nixon (1957). 

Other glycosidases. «- and B-Glucosidase, «-galactosidase, 
B-mannosidase, B-xylosidase and «-N-acetylglucosaminid- 
ase activities were measured according to the procedures 
described by Conchie & Levvy (19575). 


RESULTS 


Screening of tissues 


We screened a selection of tissues for glycosidase 
activities, using as substrates all the chromogenic 
glycosides at our disposal. These were p-nitro- 
phenyl «-glucoside, o-nitrophenyl -glucoside, 
phenyl «-galactoside, o-nitrophenyl f-galactoside, 
p-nitrophenyl «-mannoside, phenyl B-mannoside, 
phenyl f-xyloside, phenyl N-acetyl-«-glucosamin- 
ide, p-nitrophenyl WN -acetyl-f-glucosaminide, 
phenyl N-acetyl-8-glucosaminide and _ phenol- 
phthalein £-glucuronide. Tissues screened were 
mouse liver, spontaneous mammary tumours of C3H 
mice, rat pancreas, rat epididymis, human kidney 
and a human Grawitz tumour. Mean enzyme 
activities found in these tissues are shown in 
Table 1. Semen and the male accessory gland 
secretions of various animals have already been 
investigated for glycosidase activities (Conchie & 
Mann, 1957). 

In all tissues examined the enzymes displaying 
the greatest activities were «-mannosidase, f- 
galactosidase and B-N-acetylglucosaminidase. f- 
Glucuronidase showed moderately high activities. 





Table 1. Glycosidase activities 


For methods of assay see text. Results are expressed as ug 
(PP) liberated/g. of tissue (wet weight) in 1 hr. 

Spontaneous 
mammary 
tumour 
(C3H mice) 


630 
130 
80 

2 430 
3 080 


Mouse 
liver 


260 
770 
Nil 
1 480 
2 600 
Nil 
Nil 
Nil 
7310 
24 110 
2 600 


Enzyme 


a-Glucosidase (N) 

B-Glucosidase (N) 
a-Galactosidase (P) 
f-Galactosidase (N) 
a-Mannosidase (N) 
p-Mannosidase (P) 

B-Xylosidase (P) 
a-N-Acetylglucosaminidase (P) 
8-N-Acetylglucosaminidase (P) 
B-N-Acetylglucosaminidase (N) 
B-Glucuronidase (PP) 


in some mammalian tissues 


. of o- or p-nitrophenol (N), phenol (P) or phenolphthalein 


Grawitz 
tumour 
210 
80 
Nil 
180 
350 


Human 
kidney 


Rat Rat 

pancreas epididymis 
420 990 770 
60 430 840 
50 340 60 
1150 47 300 1 930 
2 650 75 310 1110 
60 230 

Trace? Nil 
Trace ? Trace? 
870 42 900 
4 830 290 920 
860 5 290 


Nil 
Nil 
4 300 


Nil 
Nil 
22 040 


1 790 640 
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Spontaneous mammary tumours from C3H mice, 
which have already been shown to be rich in a- 
mannosidase, f-N-acetylglucosaminidase and f- 
glucuronidase (Conchie & Levvy, 1957a), had in 
addition high B-galactosidase and moderately high 
a-glucosidase activities. The specimen of a Grawitz 
tumour showed lower activities than did unin- 
volved human kidney, but B-galactosidase and «- 
glucosidase were still present. Although we have 
not investigated as many types of tumour for B- 
galactosidase and «-glucosidase as for «-manno- 
sidase, 8-glucuronidase and B-N-acetylglucosaminid- 
ase, it seems probable that activities of the former 
would parallel those of the latter group. 

Sheep liver was not screened, but is rich in both 
B-glucuronidase (7210 units/g.) and «-mannosidase 
(2640 units/g.). 


Table 2. «-Mannosidase in the tissues of the mouse and the rat 


a-Mannosidase, f-galactosidase, B-N-acetylglucos. 
aminidase and B-glucuronidase in the mouse and 
the rat 


In view of the high activity of «-mannosidase, 
B-galactosidase and B-N-acetylglucosaminidase jn 
almost all the tissues examined, and their extremely 
high activity in epididymis, further investigations 
were restricted to these enzymes. £-Glucuronidase 
assays were also done, partly for purposes of com. 
parison and partly to examine tissues not pre- 
viously studied. Tables 2—5 show mean values for 
the distribution of the four enzymes in adult and 
infant tissues of the male and female mouse and 
rat. Infants are defined as animals between 2 and 
14 days old. In many experiments, tissues from 
one animal were assayed for several enzymes. The 


For method of assay see text. Results are expressed as yg. of p-nitrophenol liberated/g. of tissue (wet weight) in 1 hr. 


M, male; F, female; i, infant. 
Mouse 


Rat 








M iM 
2 660 1 980 3 660 


a 


Liver 


1510 970 
Kidney 4010 2 760 
Intestine 1110 1 060 
Adrenals — Nil 

Pancreas ~ — 

Heart 170 120 
Lung 380 320 
Muscle (leg) 90 — 

Brain 320 230 
Eye — — 

Blood — 

Preputials 1 490 
Prostate 320 
Testis 1 690 
Seminal vesicle 2 890 
Epididymis 16 340 
Epididymal sperm — —_— 
Ovary oa Nil 

Uterus — 1 690 
Vagina ~- 1390 


Spleen 
12 300 


1310 


iF M 
3010 1710 


ee 


1320 670 


9 410 3 770 
— 1 000 
- 650 
2 650 
120 
460 
Nil 
160 
80 — 
10 20 
810 
2 540 — 
610 — 
610 _— 
75 390 — 
7 730 — 
950 
1 000 
160 


Table 3. B-Galactosidase in the tissues of the mouse and the rat 


For method of assay see text. Results are expressed as yg. of o-nitrophenol liberated/g. of tissue (wet weight) in 1 hr. 


M, male; F, female; i, infant. 
Mouse 


Rat 








M 


Liver 1 500 
Spleen 7 650 
Kidney 4510 
Pancreas - 
Brain 580 
Preputials 1190 
Testis 2 890 
Seminal vesicle 2 080 
Epididymis 6 000 
Ovary 

Uterus 

Vagina 


ma “ S i = 
iF M iM 
2010 4710 5 400 
1 000 9 810 7 100 
4 930 11 400 16 090 
810 1 150 
2 910 
1 960 
710 
47 300 
2 640 — 
3 350 — 





Liver 
Kidne 
Paner 
Brain 
Eye 

Prepu 
Prosti 
Testis 
Semir 
Epidi 
Ovary 
Uteru 
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Table 4. B-N-Acetylglucosaminidase in the tissues of the mouse and the rat 


For methods of assay see text. Results are expressed in (a) yg. of phenol, (b) wg. of p-nitrophenol liberated/g. of tissue 


(wet weight) in 1 hr. M, male; F, female; i, infant. 


(a) Phenyl N-acetyl-8-glucosaminide as substrate 


M 
Liver 
Spleen 
Kidney 
Intestine 
Adrenals 
Pancreas 
Heart 
Lung 
Muscle (leg) 
Brain 
Preputials 
Prostate 
Testis 
Seminal vesicle 
Epididymis 
Epididymal sperm 
Ovary 
Uterus 
Vagina 


Rat 
F 
8 660 
4 200 
14 380 
2 450 
1 900 


400 
2 600 
300 


3 330 


3 630 


3 600 
1 200 


iM 
6 100 


(b) p-Nitrophenyl N-acetyl-B-glucosaminide as substrate 


Mouse 


A 


iM 
62 610 
52 880 


‘paleceeeceretonee etal 

M F 
23 620 41 090 
83 640 50 990 


Liver 
Kidney 
Pancreas 
Preputials 
Testis 
Epididymis 
Ovary 
Uterus 


11 250 
13 880 
— 15 820 
30 600 — 

31 620 


18 450 


20 800 
15 850 
207 920 





c 


M 


44 610 
126 650 
4 830 
17 590 
290 920 


iF 
68 830 
51 250 
19 000 


21 740 
17 570 


F iM 
59 840 46 970 
109 970 91 770 


11 000 


15 670 
9 570 


12 410 
17 170 


26 110 
15 530 


Table 5. B-Glucuronidase in the tissues of the mouse and the rat 


For method of assay see text. Results are expressed in yg. of phenolphthalein liberated/g. of tissue (wet weight) in 


lhr. M, male; F, female; i, infant. 
Mouse 
iM 
Liver 4210 
Kidney 
Pancreas 
Brain 
Eye 
Preputials 
Prostate 
Testis 
Seminal vesicle 
Epididymis 
Ovary 
Uterus 
Vagina 


Rat 





= c 
M 

19 340 

3 470 

860 

119 760 

2 200 

390 

90 

5 290 


iM 
19 280 
6 180 
205 750 
2 330 
1 260 
800 
3 120 
—- 4 200 
3 230 
3 230 


11 020 
8 900 





number of animals examined varied from 3 to 


Some B-N -acetylglucosaminidase activities in the rat 
are given with both the phenyl and p-nitrophenyl 
glycosides as substrates: typical values for mouse 


tissues with the phenyl glycoside as substrate 
female liver 7780 units/g., uterus 7090 units/g. 


21 


30. 


are 


All four enzymes were widely distributed, being 
present in almost every tissue examined. In adult 
animals of both species the epididymis was the 
richest source of them all, subject to two excep- 
tions. In the male mouse, f-galactosidase values 


for spleen tended to be higher than those for 
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epididymis, though spleen values vary consider- 
ably. In rats of all ages, the female preputial gland 
was the richest source of f-glucuronidase, as 
already observed by Beyler & Szego (1954); even 
in males the analogous organ was by far the richest 
source of this enzyme in these animals, and liver 
was the second richest tissue in f-glucuronidase 
activity. 

Infant figures were generally similar to adult 
values, though in some cases they were appreciably 
higher. Uterus levels were often somewhat lower 
than those for adults. Infant epididymis activities 
were very much lower than the adult values, 
showing the greatest differences in those cases 
where the adult levels were particularly high. 


Genetic factors 


The C3H strain of mice is one with a genetically- 
determined low £-glucuronidase activity (Law, 
Morrow & Greenspan, 1952). Table 6 shows the 
distribution of £-glucuronidase in some tissues of 
adult animals and figures for infant liver. The low 
level of glucuronidase activity in the liver and 
kidney of adults, and the sex difference in the 
kidney values, agree with observations already 
made by Morrow, Carroll & Greenspan (1951). All 
the other tissues examined also had values much 
lower than those for normal strains. The increase in 
infant-liver values already observed with mice of 
normal strains (Levvy, 1956) was 
marked in the C3H mice. 

Water homogenates of the livers of adult C3H 


even more 


Table 6. B-Glucuronidase in C3H mice 


For conditions of assay see text. Results are expressed 
in yg. of phenolphthalein liberated/g. of tissue (wet weight) 
in Lhr. M, male; F, female; i, infant. 


M F iM 
Liver 260 420 
Kidney 900 260 
Brain 10 30 
Preputials 230 30 
Epididymis 1070 — 
Uterus os 710 


Table 7. 
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mice, when fractionated with 0-1M-acetic acid- 
NaOH buffer, pH 5-2, as by Kerr & Levvy (195}), 
displayed all, or almost all, of their B-glucuronidage 
activity in the supernatant, in contrast with liver 
homogenates of normal strains, which showed only 
60% of their activity in the supernatant, a 
already observed by these authors. Liver homo. 
genates of infant C3H mice, on the other hand, 
behaved in a manner similar to those of other 
strains, showing about 80% of their total activity 
in the supernatant. . 

Tissues of C3 H mice assayed for «-mannosidase, 
B-galactosidase and {f-N-acetylglucosaminidase 
activities had the same levels as those obtained from 
other strains. In the course of our investigations 
on a-mannosidase in our own laboratory strain, 
however, it seemed possible that there might be 
some genetic factor controlling this enzyme. Liver 
values have been obtained varying from about 
600 to 4000 units/g. Generally, an animal with a 
low «a-mannosidase activity in liver had low 
activities in other tissues examined. This variation 
was also noted during the investigation of mixed 
strains from other Laboratories. It also occurred, 
though to a less extent, with the other enzymes 
studied. Although this variation in enzyme 
activities has not been further investigated, ithas 
been taken into account when planning the experi- 
ments to obtain mean values. 


Enzyme differentiation 


The similarity of distribution of the four enzymes 
throughout mammalian tissues raises the question 
of their differentiation. Fortunately, the question 
of the identity or non-identity of any or all of the 
enzymes can be settled at once by the use of the 
selective inhibitors saccharo-1:4-lactone (Levvy, 
1952), mannono-1:4-lactone and galactono-1:4- 
lactone (Conchie & Levvy, 1957b), and N-acetyl- 
glucosaminonolactone (Findlay et al. 1958). Table 7 
shows the results obtained when each enzyme is 
tested with all four specific inhibitors in suitable 
concentrations. No cross-inhibitory effects what- 
ever were obtained, indicating that all four enzymes 
were quite distinct. 


Effect of lactones on glycosidases from rat epididymis 


For methods of assay see text. Results are expressed as percentages of controls. 


Inhibition (% 





«-Mannosidase 


Mannonolactone, 10 mm 71 
Galactonolactone, 10 mm 0 
N-Acetylglucosaminonolactone, 0-1 mm 0 
Boiled saccharate,* 0-25 mm 0 


B-Galactosidase 


B-N-Acetyl- 
glucosaminidase 
0 0 
73 0 
0 98 
0 0 


B-Glucuronidase 


* One-third of anion present as saccharo-1:4-lactone, the inhibitory principle. 
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In view of the existence of lactase in mammalian 
tissues (Heilskov, 1951), the possibility of the 
identity of B-galactosidase and lactase was con- 
sidered. When used as competing substrates 10 mm- 
lactose caused 11 % inhibition of the hydrolysis of 
2.5mM-o-nitrophenyl f-galactoside and 10 mm- 
methyl B-galactoside caused 26 % inhibition. When 
preparations of rat liver and rat epididymis were 
each assayed for lactase activity by using 10 mm- 
lactose as substrate the ratio liver: epididymis 
activity was 1:11. Assayed with nitrophenyl f- 
galactoside as substrate, the ratio was 1:25. The 
enzyme would thus appear to have considerable 
lactase activity. 

DISCUSSION 

The most notable feature of this investigation was 
the very wide distribution of the glycosidases «- 
mannosidase, f-galactosidase and f-N-acetylglu- 
cosaminidase. All appear to be almost universally 
distributed in the tissues of the mouse and the rat, 
and certainly occur in human tissues and in the 
secretions of the male genital tract in many 
mammalian species (Conchie & Mann, 1957). The 
presence of a widely distributed «-mannosidase in 
mammalian tissues was quite unexpected. This 
relatively rare enzyme has been noted in various 
moulds (Hérissey, 1921; Hockenhull, Ashton, 
Fantes & Whitehead, 1954), lucerne seed (Hill, 
1934), in the liver of the snail Helix laeda Gould 
(Nagaoka, 1949) and in the common limpet, 
Patella vulgata (Conchie, Levvy & Marsh, 1956). 
Although f-galactosidase has already been ob- 
served in tissues of various mammalian species 
(Nishizawa, 1951; Cohen, Tsou, Rutenburg & 
Seligman, 1952), and may be a lactase, its high 
activity in the genital tract could scarcely have been 
foreseen. B-N-Acetylglucosaminidase has long been 
known to occur in mammalian tissues (Watanabe, 
1936), and the properties of some partially purified 
extracts have been investigated (Watanabe, 19366; 
East, Madinaveitia & Todd, 1941; Pugh et ai. 1957), 
but once again the pattern of distribution in the 
male genital tract was surprising. 

In the rat, the outstanding source of these three 
enzymes was the epididymis, a tissue not pre- 
viously examined for glycosidase activity. Assays 
done separately on the caput epididymis and 
cauda epididymis generally showed slightly greater 
activity in the cauda than in the caput, though 
exceptions did occur. f-Glucuronidase activity in 
the rat epididymis was moderately high, but by 
far the richest source of this enzyme in the rat, 
indeed the richest known source, was the female 
preputial gland, as already observed by Beyler & 
Szego (1954). Even in the male rat this gland was 
the most active source, though it had only about 
5% of the activity of the corresponding female 
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gland. In the mouse, the epididymis was the 
richest source of f-glucuronidase as well as of «- 
mannosidase, B-N-acetylglucosaminidase and, with 
the possible exception of the spleen, f-galacto- 
sidase. 

From a few preliminary experiments on «- 
mannosidase and f-N-acetylglucosaminidase in 
rat-epididymal sperm, it appeared that most of the 
activity of the two enzymes in epididymis lay in the 
epididymal tissue and secretion. After washing 
with calcium-free Ringer buffer (Mann, 1945) there 
remained in the epididymal sperm a relatively low 
%-mannosidase activity and very little B-N- 
acetylglucosaminidase activity. This latter obser- 
vation has been confirmed by Dr P. G. Walker 
(personal communication). Using a histochemical 
technique for the localization of B-N-acetylglucos- 
aminidase (Pugh & Walker, 1958) he observed that 
all the B-N-acetylglucosaminidase activity in rat 
epididymis was concentrated in the epithelium. 
Sperm showed little, if any, activity. The very high 
B-N-acetylglucosaminidase activity in the epididy- 
mis of these animals and in the epididymal secre- 
tions of many mammalian species (Conchie & 
Mann, 1957) suggests that this tissue, rather than the 
commonly used testis, might be worthy of examina- 
tion as a possible source of hyaluronidase, since 
these two enzymes are often found in association. 

In most tissues, infant values for all the enzymes 
were equal to, or higher than, the adult ones. In 
the epididymis, however, activities in both the 
mouse and the rat were much lower in infancy. 
The activity is apparently associated with the 
sexual development of the animals, and full adult 
enzyme levels in both species are not reached till 
avout 12-14 weeks of age (Conchie & Findlay, 
1958). Among the sex organs, the uterus in the 
female is probably the best analogue of the epi- 
didymis in the male. All the enzymes studied 
showed moderate activities in the uterus of both the 
mouse and the rat. 

The genetically-linked factor producing low f- 
glucuronidase activities in all tissues of C3 H mice 
did not extend to the other enzymes tested. The 
increase in liver B-glucuronidase activity found in 
normal strains of infant mice was greatly exag- 
gerated in the C3H strain. While there was no 
correlation between the low §-glucuronidase 
activity in adult C3H mice and the other enzyme 
activities, the latter did show considerable varia- 
tion in the livers of our own laboratory strain of 
mice and of other strains. The variation was 
most marked for «-mannosidase, and it is possible 
that, by selective breeding, ‘high’ and ‘low’ 
strains of mice with respect to this enzyme might 
be obtained. 

As with f-glucuronidase, the function of these 
other glycosidases in mammalian tissues is by no 
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means clear. Since their distribution is similar to 
that of 8-glucuronidase, it might be expected that 
this group of enzymes should all have similar 
functions. Like £-glucuronidase, the other glyco- 
sidases investigated are under sex-hormone control 
(Conchie & Findlay, 1958), although there is no 
question of the corresponding sugars’ forming 
steroid conjugates. 

8-Glucuronidase is a constituent of the crude 
hyaluronidase complex, acting on some of the 
oligosaccharides produced during the breakdown of 
hyaluronic acid and chondroitin (Hahn, 1947; 
Meyer, Linker & Rapport, 1951; Linker, Meyer & 
Weissmann, 1955). It is possible that its main 
role—apart from hydrolysis of steroid glucuro- 
nides—lies in the field of mucoid catabolism. 

B-N-Acetylglucosaminidase also acts on de- 
gradation products from hyaluronic acid, and its 
action may be expected to extend to chondroitin, 
since it appears to hydrolyse B-N-acetylgalactos- 
aminides (Heyworth, Borooah & Leaback, 1957; 
Findlay et al. 1958). Since B-N-acetylglucosamine 
is accompanied by mannose and galactose in the 
sugar components of many mucoproteins, all the 
glycosidases investigated above may have a role in 
mucoid catabolism. A function in intermediary 
carbohydrate metabolism in seminal secretions 
cannot, however, be excluded. 

A notable feature of these mammalian enzymes is 
the existence of powerful and highly specific in- 
hibitors for each of them in the form of the aldono- 
lactone of configuration corresponding to the sugar 
component of the glycoside hydrolysed. Such in- 
hibitors offer possibilities for the control of physio- 
logical and pathological processes with which the 
enzymes are connected. Saccharo-1:4-lactone, the 
first of these inhibitors to be discovered (Levvy, 
1952), has been employed to prevent hydrolysis in 
the bladder of glucuronic acid conjugates of 
carcinogens by urinary f-glucuronidase (Boyland 
& Williams, 1956). It might also be employed to 
relieve metabolic disorders resulting from an in- 
adequacy in glucuronide synthesis, e.g. in certain 
forms of jaundice (Brown & Zuelzer, 1958; Lathe & 
Walker, 1957; Axelrod, Schmid & Hammaker, 
1957), in an analogous fashion to the well-known 
use of eserine in conditions resulting from a failure 
of, or abnormal demand upon, acetylcholine 
synthesis, i.e. by slowing down the degradation of 
the synthetic product by the corresponding hydro- 
lytic enzyme. In the same way, one may foresee 
possible uses of the inhibitors for «-mannosidase, 
B-galactosidase and B-N-acetylglucosaminidase. 


SUMMARY 


1. Like £-glucuronidase, three other glyco- 
sidases—a-mannosidase, f-galactosidase and f-N- 
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acetylglucosaminidase—have been found to be 
widely distributed throughout mammalian tissues, 
Tables of their distribution in the mouse and the 
rat are given. 

2. The adult epididymis in both the mouse and 
the rat is a particularly rich source of the enzymes, 
Infant-epididymis values were much lower than 
adult ones. 

3. The low-glucuronidase C3H strain of mice 
showed no differences from other strains in its other 
glycosidase activities. The increase in -glue. 
uronidase activity of infant-mouse liver compared 
with adult liver observed with all strains was 
greatly exaggerated in the C3H strain. 

4. All four enzymes can be differentiated by use 
of the appropriate selective inhibitors. 

5. In view of their similarity in distribution, a 
common function for this group of enzymes is 
suggested. 


One of us (J. F.) is in receipt of a grant from the Medical 
Research Council. We are indebted to Mr A. J. Hay for 
skilled technical assistance. 
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The Relationship of Opsopyrroledicarboxylic Acid to the 
Biosynthesis of Porphyrin 


By AUDREY T. CARPENTER* anp J. J. SCOTT 
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(Received 14 August 1958) 


Porphobilinogen is known to be a specific pre- 
cursor of porphyrins (Bogorad & Granick, 1953; 
Falk, Dresel & Rimington, 1953) and, by use of 
radioactive porphobilinogen, it was shown by 
Dresel & Falk (19566) that porphobilinogen alone 
is a sufficient substrate for the formation of haem 
inhaemolysates prepared from fowl red cells. 

The steps involved in the conversion of porpho- 
bilinogen into porphyrins of series III are not 
known; since the only derivatives of porphyrins to 
be used biologically are of series III and include 
chlorophyll, haemoglobin and other haem enzymes, 
the problem is of general importance. The particu- 
lar difficulty in formulating a mechanism by which 
porphobilinogen might be converted into a por- 

* Postgraduate Research Fellow, St Mary’s Hospital 
Medical School; formerly Audrey T. Smith. 


phyrin III arises as follows. The condensation of 
four molecules of porphobilinogen in the manner 
shown would, on cyclization, give rise to a series-I 
structure, which may be described briefly as 
(AP*AP*AP*AP). The series III structure is 
(AP-AP*AP*PA), the side chains being those of 
uroporphyrin. The state of oxidation of the 
tetramer need not be considered at present; only 
the relative positions of the f-side chains are 
relevant. Mechanisms proposed have included 
(1) condensation of porphobilinogen to give a 
radial trimer which might be split in two ways to 
give either (AP-AP) or (AP*PA) (Bogorad & 
Granick, 1953; Shemin, Russell & Abramsky, 
1955), (2) migration of the «-side chain of porpho- 
bilinogen (Robinson, 1955; Bullock, Johnson, 
Markham & Shaw, 1958; D. Mauzerall, personal 
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communication), and (3) involvement of a co- 
enzyme considered by Jackson & MacDonald 
(1957) and by ourselves, and investigated in the 
work to be described. 

If the compound (AP*AP-AP*AP) were to 
condense with a molecule of opsopyrroledicarb- 
oxylic acid [3(4)-carboxymethylpyrrole-4(3)-B-pro- 
pionic acid] before cyclization, the following 
pentamer could result, provided that addition of 
opsopyrroledicarboxylic acid were controlled en- 
zymically to give an A*A linkage. On rupture of 
the bond indicated and cyclization, a series III 
compound would be formed and opsopyrroledi- 
carboxylic acid would be regenerated. It would 
therefore need to be present only in catalytic 
amounts; furthermore, its formation ab initio from 
porphobilinogen is quite conceivable. 

Studies of the conversion of porphobilinogen into 
uroporphyrin III suggest that at least two enzymes 
may be involved in plant tissues (Bogorad & 
Granick, 1953; Bogorad, 1955, 1957). The first 
enzyme, ‘porphobilinogen deaminase’, is believed 
to convert porphobilinogen into ‘uroporphyrinogen 
I’, a compound which gives uroporphyrin I on 
oxidation ; the enzyme is inhibited competitively by 
opsopyrroledicarboxylic acid (Bogorad, 1957). The 
second enzyme, or system of enzymes, ‘uropor- 
phyrinogen isomerase’, acting in conjunction with 
the first, converts porphobilinogen into ‘uropor- 
phyrinogen III’. In animal tissues, an enzyme 
system present in red cells converts porphobili- 
nogen into a ‘uroporphyrinogen IIT’; this system 
can be altered by heating so that a ‘uroporphyri- 
nogen I’ is the main product (Booij & Rimington, 
1957; Lockwood & Rimington, 1957; see also 
Granick & Mauzerall, 1958). According to the 
mechanism proposed here, opsopyrroledicarboxylic 
acid would act as a coenzyme of ‘uroporphyrinogen 
isomerase’. 

In the present work, which has been reported 
briefly (Scott & Smith, 1958), the effect of opso- 
pyrroledicarboxylic acid on the synthesis of haem 
was studied, by using haemolysates prepared from 
anaemic fowls (Laver, Neuberger & Udenfriend, 


1958). Special problems were posed by the fact 
that the postulated coenzyme was also known to be 
an inhibitor of the enzyme involved in the pr. 
ceding step. Findings are submitted which we 
believe preclude the action of opsopyrroledicarb. 
oxylic acid as a coenzyme in the manner proposed, 


EXPERIMENTAL 


Materials 


[x-“C]Glycine, diethyl [«-“C]malonate and [1:4-4C,}. 
succinic acid were supplied by the Radiochemical Centre, 
Amersham. Celite 545 (Johns-Manville and Co.) was 
washed with acid to remove iron oxide and traces of other 
metals. It was covered with conc. HCl for 2 days and then 
filtered off and washed thoroughly with water to remove 
the acid. After drying at 300° for 24 hr., it was transferred 
while hot to jars having corks fitted with CaCl, tubes. All 
contact with metals was avoided during this treatment. 


Methods 


[a-4C]Malonic acid. Diethyl [«-4C]malonate (100 po; 
7-4 mg.) was diluted with unlabelled malonate (525-5 mg.) 
and saponified overnight with 3 ml. of cold 20% (w/y) 
NaOH (Ropp, 1950). The solution was then stirred for 
3 hr. with Zeo-Karb 225 (8 g., Permutit Co. Ltd.) in the 
H* form. The slurry was filtered and the resin washed 
thoroughly with water. The filtrate and washings were 
similarly treated with a further 8g. of resin; the final 
solution (about 80 ml.) was concentrated by distillation 
under reduced pressure from a bath at 40-50° and the 
residue was dried in a vacuum desiccator, giving a quanti- 
tative yield of malonic acid (350 mg.; 33 wc/m-mole). 

Synthesis of opsopyrroledicarboxylic acid labelled with “C. 
In view of the low overall yield, based on malonic acid, in 
the conversion of 2-ethoxycarbonyl-3-ethoxycarbonyl- 
methyl-5-methylpyrrole-4-aldehyde (I) into opsopyrrole- 
dicarboxylic acid (OPD) by the published methods {(]) 
into ethyl 2-ethoxycarbonyl-3-ethoxycarbonylmethyl-5- 
methylpyrrole-4-8-propionate (MacDonald, 1952) and the 
latter into OPD (MacDonald & MacDonald, 1955)], varia- 
tions of the procedure were tried and certain modifications 
were made. The yield of the pyrrole-4-8-acrylic acid, 
obtained from the condensation of the aldehyde (I) with 
malonic acid, was not increased by using absolute instead of 
aqueous ethanol as solvent, or by substituting piperidine 
or dimethylaniline for aniline; the use of pyridine as 
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catalyst resulted in a product of low m.p. which could not 
be hydrogenated satisfactorily. However, a reduction of 
25% in the amount of malonic acid used did not lower the 
yield of the pyrrole-4-8-acrylic acid. With this modification, 
the published procedure was carried through, starting with 
350 mg. of [a-!4C]malonic acid and 860 mg. of the alde- 
hyde (I), up to the final stage except that OPD was iso- 
lated from the products of heating in a sealed tube in the 
following way. The contents of the tube were diluted to 
3 ml. with water and adjusted to pH 3 with 2n-HCl. The 
solution was then extracted continuously with ether for 
lhr. The ethereal extract was dried (MgSO,) and concen- 
trated, and n-hexane was added dropwise until OPD 
started to crystallize. After leaving overnight at -18°, 
OPD was separated by centrifuging; after one recrystalliza- 
tion it had m.p. 137—139° (1-8 mg.; 0-3% based on malonic 
acid). The specific activity was 30-3c/m-mole. Non- 
radioactive OPD, prepared similarly, had the same m.p., 
which was not depressed after mixing with a sample (m.p. 
139°) kindly supplied by Dr S. F. MacDonald. All melting 
points were determined with a micro melting-point 
apparatus (A. Gallenkamp and Co. Ltd.) and are un- 
corrected. 

Determination of opsopyrroledicarboxylic acid. OPD was 
determined by measurement of the colour obtained with 
Ehrlich’s aldehyde reagent. The aqueous solution (0-1 ml.) 
containing OPD was diluted with ethanol (2 ml.) and 
0-1 ml. of a 2 % (w/v) solution of p-dimethylaminobenzalde- 
hyde in ethanolic 2N-HCl was added. A magenta colour 
developed slowly and its maximum extinction at 548 mu 
was measured, against a reagent blank, 30 min. after addi- 
tion of the reagent, with a Unicam SP. 500 spectrophoto- 
meter and 0-5 cm. silica cells. H54, (« 61 900) was found to 
be constant between 25 and 35 min. after addition of the 
reagent, and during this time its value was about 5 times 
that obtained 5 min. after addition of the reagent. 

Solutions of OPD in ether—chloroform (1:4, v/v) were 
determined similarly, but the maximum extinction was 
then at 550 my, and readings were taken at this wave- 
length (« 74 600). The determination was modified for urine 
samples; the sample (0-5 ml.) was diluted with water 
(25 ml.) and 0-2 ml. of a 2% (w/v) solution of p-dimethyl- 
aminobenzaldehyde in 50% (v/v) cone. HCl (sp.gr. 1-18) 
was added. The maximum extinction, at 574 my (e 78 600), 
was read 30 min. after addition of the reagent. 

In each of the three methods, £,,,, increased linearly 
with concentration of OPD over the range used (0-5- 
10 yg./ml.). 

Preparations from fowl red cells. Hens were made 
anaemic and the blood was collected and haemolysed by 
the method of Laver et al. (1958). MgCl, was added to the 
haemolysates to give a final concentration of 0-002 M. 

For the whole-cell preparations, the red cells were washed 
twice by centrifuging in cold 0-9% NaCl and the packed 
cells were resuspended in sufficient cold 0-9% NaCl to 
restore the original blood volume. Such preparations were 
haemolysed, immediately after incubation, by freezing in 
acetone-solid CO, and thawing, before isolation of the 
protoporphyrin. Incubation of both whole cells and haemo- 
lysates was always for 2 hr. at 37° under the conditions of 
Laver et al. (1958), the preparations being kept at 0° until 
incubated. 

Isolation of protoporphyrin. Protoporphyrin methyl 
ester was prepared from haemoglobin by the method of 
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Grinstein (1947) and plated for counting as the crystalline 
copper complex (Dresel & Falk, 1954). 

Degradation of the copper complex of protoporphyrin 
methyl ester. The procedure was essentially the same as that 
described by Muir & Neuberger (1949) for the oxidation of 
mesoporphyrin dimethyl ester. The amount of chromic 
anhydride necessary was determined iodometrically as by 
Muir & Neuberger; the amount of CO, evolved and re- 
covered as BaCO, represented 90-98 % (average of 5: 95% 
of ten molecular equivalents when 30mg. or larger 
quantities of the copper complex were oxidized. The overall 
process may be represented by the following equation, 
assuming that each of the two vinyl side chains is oxidized 
to give CO, and a carboxylic acid which is then decarboxyl- 
ated spontaneously: 


CygH ,0,N,Cu + 22CrO, +34H,SO,—>10C0, + 2C,H,O,N 
+2C,H,0,N + 11Cr,(SO,), + CuSO, +38H,0. (1) 


In the degradation of radioactive samples, only 10-20 mg. 
quantities of the copper complex were available; 25 equiv. 
of CrO, was used and recoveries of CO, on this scale were 
75-90 % (average of 10, 84%) of the theoretical amount. 

Assay of radioactivity. Porphyrin samples, weighing not 
less than 12 mg., were counted on 1 cm.? polythene disks 
with an end-window counter; the counting rates of samples 
weighing less than 20 mg./cm.? were corrected to give the 
expected rate at infinite thickness (Calvin, Heidelberger, 
Reid, Tolbert & Yankwich, 1949). Samples of BaCO, were 
counted on 2 cm.? disks at infinite thickness. All counting 
rates were relative to a 1 cm.” Perspex standard (Radio- 
chemical Centre) having 1 ~mc/mg. and giving about 700 
counts/min. under the conditions of assay; the background 
rate was about 12 counts/min. The standard error of all 
rates stated was less than 3%. Radioactive OPD was 
counted in a 0-3cm.? Perspex disk. Radioactivity in 
eluates of the Celite columns was detected as described 
below. 

Ultrafiltration by centrifuging. Small volumes of incubated 
haemolysate were ultrafiltered to remove the protein which 
interfered with the estimation and isolation of OPD. 
A conical centrifuge tube (15 ml.) was one-third filled with 
glass beads (diameter 2-3 mm.) and a small pad of non- 
adsorbent cotton wool was placed over them. A cylindrical 
collar was made from a rectangle (6 cm. x 7 cm.) of stain- 
less-steel gauze (80 mesh) and a length of cellophan paper 
was wrapped round the vertical edges of the gauze to 
cover any sharp ends. The collar was inserted to extend 
from the cotton wool to the top of the tube and a length of 
polythene tubing (0-5 mm. bore; Allen and Hanbury Ltd.) 
was inserted, leading from the beads to the top of the tube, 
to permit air to escape. Dialysis tubing (Visking; #¢ in.), 
tied to form a sac the same length as the collar and con- 
taining about 2 ml. of haemolysate, was placed on the 
cotton wool with the lower knotted end pulled to one side. 
The tube was then centrifuged (1750 g) at 0°. In 4hr. 
about 0-5-0-6 ml. of ultrafiltrate had collected round the 
beads. 

Ethereal extracts of ultrafiltrate (0-3-0-5 ml., adjusted 
to pH 3 with HCl) were prepared by continuous extraction 
for 1 hr. in a small-scale liquid-liquid extractor with 5 ml. 
of ether; the height of the aqueous phase was about 
20 cm./ml. Of the known precursors of porphyrins, succinic 
acid, but not glycine, §-aminolaevulic acid (ALA) or PBG, 
was extracted under these conditions. 
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Free porphyrins. Changes in the approximate concen- 
tration of total porphyrins and porphyrinogens in haemo- 
lysates containing OPD were measured relative to their 
concentration in a control sample, to which no OPD had 
been added. After incubation in the presence of ALA, 
haemolysate samples were ultrafiltered for 5hr. Ultra- 
filtered samples (0-1 ml.) were acidified with conc. HCl 
(sp.gr. 1-18; 0-2 ml.) and diluted to 5 ml. with water. The 
resulting solutions were left for one week in the dark in 
tubes plugged with cotton wool and the maximum ab- 
sorption was then at 404 my. Extinctions were read at this 
wavelength on a Unicam SP. 500 spectrophotometer. The 
extinctions did not change on standing for a further 24 hr.; 
porphyrinogens originally present were thus assumed to be 
totally oxidized to porphyrins. If measurements were 
made within 8hr. of incubation, values approximately 
20-30 % lower were obtained and steady readings could not 
be taken. 

Determination of 5-aminolaevulic acid. This was carried 
out by the method of Shuster (1956) as modified by Laver 
et al. (1958). 

Preparation and running of Celite columns for the separa- 
tion of opsopyrroledicarboxylic acid and succinic acid. Acid- 
washed Celite 545 (2 g.) was stirred with 0-8 ml. of an 
aqueous buffer solution and suspended in ether which had 
been equilibrated with the buffer. The buffer was made by 
adding 2-5ml. of 0-1nN-HCl to 7-5 ml. of 0-1M-glycine, 
giving a pH of 2-85. The Celite slurry was packed in small 
portions into a tube of 9 mm. internal diameter, and the 
column so formed was washed with ether—chloroform 
(1:4, v/v), previously equilibrated with the buffer. Frac- 
tions of 1-1 ml. were collected (every 2 min. approx.) and 
OPD was determined colorimetrically in each. A 0-1 ml. 
portion of each fraction was applied to lens tissue 105 
(J. Barcham Green Ltd., Maidstone) on a 2 cm.? polythene 
disk; after drying, radioactivity was measured with an 
end-window counter. OPD was eluted between fractions 
12 and 28 and succinic acid between fractions 36 and 55. 
Recovery of 1 mg. of OPD from such a column was 75- 
80%; with 0-1 mg. only 20% was recovered. 

Paper chromatography. Chromatograms were run over- 
night on Whatman no. 1 paper, with butanol-acetic acid— 
water (63:10:27, by vol.; upper phase) as solvent. Pyrroles 
were detected by spraying with 2% (w/v) p-dimethyl- 
aminobenzaldehyde in 50% (v/v) cone. HCl (sp.gr. 1-18). 
OPD gave a purple spot having Ry, 0-7-0-8 (porphobili- 
nogen, Ry~0-2; succinic acid, Rp~ 0-8, detected radio- 
autographically). 

Intraperitoneal injection of opsopyrroledicarboxylic acid 
into a rat. An aqueous solution (pH 7) (2 ml.) of OPD 
(10 mg.) was injected intraperitoneally into a female 
albino rat (wt. 251 g.) in a metabolism cage. Urine samples 
and cage washings (total vol. 5 ml.) were collected hourly 
for 8 hr. and after 24 hr. Ether extracts were prepared in 
the same way as from ultrafiltrates. 


RESULTS 


With a system synthesizing protoporphyrin from 
labelled glycine or labelled succinate, addition of an 
excess of OPD should, as a result of the mechanism 
proposed, cause a reduction in the specific activity 
of the porphyrin equivalent to loss of one of the 
four labelled pyrrolic residues. The radioactivity of 
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unaffected. The «-carbon atom of glycine supplies Con: 
all 4 bridge and 4 of the 16 ring carbon atony methy 
(Muir & Neuberger, 1950; Radin, Rittenberg &} deseril 
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the carboxyl groups of succinic acid supply 8 ring} witha 
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tenths, assuming no interference with biosynthesis 
by the relatively large amounts of OPD added. The 
radioactivity of porphyrin synthesized in the 
presence of added OPD should therefore decrease 
more rapidly with increase in concentration of 
OPD when succinate rather than glycine provides 
the radioactivity. This would stiil be true if the 

































































































OPD added were also partially inhibiting syn. label 
thesis; but were the OPD to act as an inhibitor prob 
only, then the decrease in specific activity would be J 1t 4¢ 
independent of the nature of the labelled substrate, Ri 
Fig. 1 shows the effect on the radioactivity of the haer 
haem of adding increasing concentrations of OPD beca 
to haemolysate samples incubated in the presence from 
of labelled precursors. It may be seen that there the 
was no difference in radioactivity of the haem, | hibi 
whether derived from labelled glycine or from ir 
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Fig. 1. Effect of opsopyrroledicarboxylic acid (OPD) m — ire 
the incorporation of glycine and succinate into haem. | rep 
Haemolysates (20 ml.), prepared from the pooled blood | C 
of three anaemic hens, were incubated with 0-019™- [jing 
glycine, 0-012M-potassium succinate, KH,PO,-K,HP0, | the 
(pH 7-3, 0-01 m with respect to P) and OPD in a total J 
volume of 21-9 ml. @, [«-C]Glycine (14 po/m-mole); a. 
O, [1:4-"C,]succinate (90 wc/m-mole). The radioactivi- iso 





ties of the control samples to which no OPD was added 
were respectively 270 and 654 counts/min./cm.? of proto- 
porphyrin methyl ester copper complex. 
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Table 1. Distribution of radioactivity in haem synthesized in the presence of opsopyrroledicarboxylic acid 
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Conditions of incubation are described in Fig. 1; for the methods of isolation and degradation of protoporphyrin di- 
methyl ester copper complex, see text. The source of radioactivity was [«-C]glycine (14 4c/m-mole) except for the sample 
described in the first row, for which [1:4-C,]succinic acid (90 4c/m-mole) was used. The recovery of CO, as BaCO, was 
calculated, assuming the production of 10 CO,/mol. [see equation (1)]. Rows which are bracketed represent an experiment 
with a single haemolysate preparation. Figures in parentheses indicate standard deviations calculated from eight assays. 


Specific 
activity of 
the Cu 
complex 
(% of value 
of 4C in when no 
methene-C OPD added) 

6-85 (1-05) 100 
51-2 (2-6) 100 
49-0 (2-3) 100 
46-3 (3-4) 78-1 
45-4 (1-8) 72-6 
46-5 (2-4) 64-1 


Barium carbonate 
Copper complex ; ess 
Corrected 
Amount BaCO,-“C 
recovered Recovery (10-* x calc. mg. x 
(mg.) (% counts/min./cm.?) 
33-73 80-3 0-680 (0-093) 
31-81 83-3 2-80 (0-12) 
37-38 86-4 3-09 (0-13) 
47-18 88-8 2-81 (0-14) 
37-82 155 2-42 (0-08) 
41-85 84:8 2-15 (0-08) 





OPD 
added 


(ug./ml. 
of lysate) 


Total 4C 
(10-* x mg. x 
counts/min./cm.®) 
9-94 (0-16) 
5-46 (0-04) 
6-30 (0-04) 
6-08 (0-14) 
5-33 (0-03) 
4-63 (0-07) 


Amount 
oxidized 
(mg.) 
13-90 
12-66 
14-30 
17-62 
) 100 16-60 
| 500 16-35 


Percentage 


labelled succinate, indicating that OPD was 
probably not incorporated in biosynthesis but that 
it acted as an inhibitor. 

Results obtained with different samples of 
haemolysate could not be compared directly, 
because of the considerable variation in activity 
from one preparation to another. The less active 
the preparation, the more marked was the in- 
hibition. (xg-/ml.) (um) 

In view of the variation in activity of different ie = 
preparations, it was considered desirable to study 195 43 
the effect of OPD by a method which is inde- 
pendent of the degree of inhibition. When [«-!C]- 
glycine is used as the source of radioactivity, 
replacement of one pyrrole nucleus of the por- 
phyrin by an unlabelled OPD residue should cause 
dilution of the specific activity of the pyrrolic but 
not of the methene-bridge carbon atoms. Con- 
sidering total rather than specific radioactivities, 
the ratio (bridge 14C)/(porphyrin “C) would there- 
fore increase from 0-50 (i.e. 4/8) towards 0-57 (i.e. 
4/7) with increasing concentration of OPD. 
Table 1 shows that, while the specific activity of 
the whole porphyrin decreased, the ratio (bridge 
MC)/(porphyrin C), although not quite constant, 
did not increase. This result supports the conclu- 
sions of the experiments shown in Fig. 1. 


Table 2. Effect of opsopyrroledicarboxylic acid on 
the utilization of 58-aminolaevulic acid in a 
haemolysate 
Haemolysate was incubated with 0-018m-glycine, 


0-010M-potassium succinate and the concentration of OPD 
shown. Unincubated samples contained 23 um-ALA. 


Conen. of OPD ~=Conen. of ALA 


Percentage of extinction of control 


Oo 


10 15 20 
Concn. of OPD (mg./ml.) 


As a final test radioactive OPD was used, the “C 
being in a position where it would be retained 
irrespective of the particular pyrrolic residue 
replaced. 3(4) -Carboxymethylpyrrole - 4(3) - B -[«- 
MC]propionic acid (30-3 4c/m-mole) was accord- 
ingly added to give a concentration of 0-045 mm in 
the haemolysate, which was then incubated with 
unlabelled glycine and succinic acid. No activity 
was detected in the copper complex subsequently 
isolated. 

Effect of opsopyrroledicarboaxylic acid on succes- 
sive stages of porphyrin synthesis. OPD was found 


Fig. 2. Effect of opsopyrroledicarboxylic acid (OPD) on 
the formation of free porphyrin from $-aminolaevulic 
acid (ALA). Samples (2 ml.) of a single preparation of 
haemolysate were incubated with 0-05m-ALA (added as 
a solution of the hydrochloride adjusted to pH 7) and 
OPD as shown, in a total volume of 2-5 ml., isotonic with 
respect to KCl. Ultrafiltrates of the incubated haemo- 
lysate were treated as described in the text to obtain a 
relative measure of the total porphyrin concentration. 
The method of assay does not distinguish between por- 
phyrins and porphyrinogens. Optical density was 
measured at 404 mp and was 0-710 in the control, to 


which no OPD had been added. 
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to have no effect, up to a concentration of 1-5 mM, 
on the rate of formation of ALA in the ‘washed 
particle’ system described by Laver e¢ al. (1958). 
If, on the other hand, OPD were to inhibit the 
conversion of ALA into PBG by ALA dehydrase 
(Gibson, Neuberger & Scott, 1955), it would cause 
accumulation of ALA in systems synthesizing 
porphyrin. Table 2 shows that the increase in con- 
centration of ALA on incubation of haemolysates 
with glycine and succinate is not altered signifi- 
cantly by the presence of OPD. However, the 
conversion of ALA into porphyrinogens and 
porphyrins is markedly inhibited by OPD, as 
shown in Fig. 2. Inhibition must therefore have 
taken place at a stage subsequent to formation of 
PBG. 

Failure of opsopyrroledicarboxylic acid to enter 
intact cells. OPD did not inhibit the formation of 
haem in whole cells (Table 3); as inhibition is 
marked in haemolysates (Fig. 1), it is likely that 
OPD does not penetrate into intact red cells. 
Dresel & Falk (1956a) reported similar findings for 
PBG. 

In view of this finding with whole red cells, the 
effect of OPD on bacterial growth was briefly 
investigated. OPD produced no detectable inhibi- 
tion of growth when 0-1 ml. portions of neutral 
solutions (containing 1-10 mg. of OPD/ml.) were 
placed in cups cut from agar plates flooded with the 
following micro-organisms: Proteus vulgaris, Esch- 
erichia coli (V,), Pseudomonas pyocyanea, Staphy- 
lococcus aureus or Corynebacterium diphtheriae, 
which are known to synthesize porphyrins and 
haem from simple precursors. These findings, 
which are discussed below, are believed to result 
similarly from inability of the pyrrole to enter the 
bacterial cells. 

Reisolation of opsopyrroledicarboxylic acid from 
incubated haemolysate. The results so far described 
show that OPD is not incorporated into porphyrins 
during biosynthesis, but it was considered possible 
that it might be formed enzymically from PBG. 
Attempts were therefore made to detect radio- 
activity in OPD reisolated after its addition to 
haemolysates synthesizing porphyrin from radio- 
active glycine or succinate. The concentration of 
OPD used would have caused not more than 60% 
inhibition of synthesis. 

After incubation of haemolysate with glycine, 
[1:4-¥4C, succinate and OPD, an ethereal extract of 
the ultrafiltrate was prepared as described and 
applied to a Celite column. The OPD recovered 
from the column represented 20 % of that added to 
the haemolysate. There were two peaks of radio- 
activity in the column eluates, the earlier corre- 
sponding with that of the OPD measured colori- 
metrically, and the later peak corresponding with 
succinic acid. However, similar peaks of radio- 
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activity, but no OPD, were detected in the eluate 
corresponding with a haemolysate to which no 
OPD had been added (Table 4). Recovery experi. 
ments indicated that quantities of OPD too small 
to be detected colorimetrically (less than about 
1 pg./ml. of ultrafiltrate) would probably be lost on 
the column, and it was presumed that the radio. 
activity was due mainly to a metabolite of succinate 
which was eluted from the column at the same rate 
as OPD. However, when the experiment was 
repeated, but with [«-!4C]glycine (140 4c/m-mole) in 
place of labelled succinate, radioactivity, although 
very much less intense, was again obtained in the 
fractions containing OPD (Table 4). On this 
occasion there was virtually no radioactivity in the 
corresponding fractions obtained from the haemo. 
lysate incubated without OPD. Fractions 10-28 of 
experiment 6 (Table 4) were redissolved in 1-3 ml, 


Table 3. Effect of opsopyrroledicarboxylic acid on 
haem biosynthesis by whole red cells 


Whole-cell preparations (20 ml.) were incubated with 
[a-"C]glycine (0-017mM; 5-15yc), 0-01M-potassium succi- 
nate, KH,PO,-K,HPO, (pH 7:3, 0-01 with respect to P) 
and OPD in a total volume of 21-8 ml. 


Radioactivity of 
protoporphyrin 
methyl ester 
Conen. of OPD Cu complex 
(ug-/ml.) (counts/min./cm.*) 
0 130 
65 126 
194 115 
324 140 


Table 4. Recovery of opsopyrroledicarboxylic acid 


from haemolysates incubated with radioactive 


glycine or succinate 


Preparations of haemolysate (25 ml.) contained 0-02m- 
glycine and 0-01m-potassium succinate with or without 
OPD. When used as labelled precursors [1:4-1C,]succinate 
(Expts. 1-3) or [«-'C]glycine (Expts. 4-6) had 90yc or 
140 .c/m-mole respectively. In Expts. 1, 3, 4 and 6 the pre- 
parations were incubated; in Expts. 2 and 5 the prepara- 
tions were maintained at 0° until after ultrafiltration. An 
ultrafiltrate of the haemolysate was extracted with ether at 
pH 3 and the extract was applied to a buffered Celite 
column as described. When estimable colorimetrically 
OPD was always found entirely between fractions 10 and 
28. The radioactivity of fractions 1-10 and 30-35 was 
always negligible. For further details, see text. 

Radioactivity of 
Conen. of OPD fractions 10-28 
(mg./ml.) (counts/min.) 
804 
“1 20 
“1 1040 
12 
13 
91 
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of aq. 2n-ammonia; 0-3 ml. of this solution was 
extracted continuously with ether (solution A). 
The remaining 1 ml. was dried in vacuo, and the 
residue was redissolved in ethanol (solution B). 

The whole of the material in solutions A and B 
was then applied to a paper chromatogram in such 
away as to give a single compact spot from each. 
After development and spraying with Ehrlich’s 
reagent only one spot was seen (R, 0-70); this 
corresponded with the OPD in solution B. A 
radioautograph was made from the sprayed and 
dried chromatogram, and after one month’s 
exposure radioactivity was detected in the positions 
of OPD (R, 0-70) both from solution A and solution 
B, the intensity of B being greater than that of A. 
The material from solution B also produced a 
second radioactive spot (R, 0-44; Ehrlich-negative) 
of intensity similar to that of the OPD from B. 
This second spot was not identified; it could not 
have been glycine, ALA or PBG. 

Excretion of opsopyrroledicarboxylic acid after 
intraperitoneal injection. About 53% of the OPD 
administered intraperitoneally to a rat appeared in 
the urine within 4 hr.; 65% was excreted in 24 hr. 
The nature of the Ehrlich-positive material in the 
wine and in an ethereal extract was examined by 
chromatography on paper. Unchanged OPD was 
the only detectable pyrrole present. 


DISCUSSION 


Tests of the incorporation of opsopyrroledicarboxylic 
acid into haem 


Before the results of the experiment using radio- 
active OPD can be accepted, the sensitivity of the 
method must be examined. The radioactive OPD 
had twice the molar specific activity of the [«-1C]- 
glycine added on other occasions; however, the 
OPD would supply only one #4C/mol. of porphyrin 
whereas glycine is known to supply eight. At the 
concentration of OPD used, inhibition would have 
been negligible, so that if OPD were incorporated 
inthe manner proposed the specific activity of the 
haem isolated should be one-quarter of that ob- 
tained when [«-!4C]glycine was used instead. Un- 
fortunately a control sample which had been incu- 
bated with [«-!4C]glycine was lost, and the experi- 
ment could not be repeated owing to shortage of 
radioactive OPD. A direct comparison is therefore 
not available because of the difference of the 
mzymic activity in different preparations of 
haemolysates. From other samples of haemolysate 
similarly prepared the specific activities of the 
copper complex isolated after incubation with 
[x-“C]glycine ranged from 270 to 604 counts/min./ 
om.* (average of 6 samples, 448 counts/min./cm.’), 
% it is reasonably certain that incorporation of 
radioactive OPD would have been detected had it 
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taken place. Dilution of the radioactive OPD by 
porphyrin synthesis would cause only a slight re- 
duction in specific activity since the amount of 
OPD added (2-46 umoles) must have been 10- 
100 times the amount of porphyrin synthesized 
(Dresel & Falk, 1956a; Laver et al. 1958), depend- 
ing on the activity of the particular preparation 
used. It is considered, therefore, that the experi- 
ments reported preclude the possibility that OPD 
plays any role in the synthesis of haem which in- 
volves actual incorporation. The formation of 
porphyrins of series III may nevertheless involve 
the action, as a coenzyme, of some other pyrrole 
related to PBG, such as ‘isoporphobilinogen’ 
(Prasad & Raper, 1955); attempts to synthesize 
this and related compounds are in progress. 


Specificity of the oxidative degradation 
of protoporphyrin 

It was required to measure only the porphyrin 
14 and the methene-bridge C present in very 
small quantities of protoporphyrin ester copper 
complex (10-15 mg.); prior conversion into meso- 
porphyrin would have caused serious losses on this 
scale. Oxidation of mesoporphyrin methyl ester on 
a larger scale but otherwise under similar condi- 
tions was found by Muir & Neuberger (1949) to 
yield 6CO,/mol.; these were shown to come almost 
entirely from the four bridge and the two ester 
carbon atoms, and both of the substituted male- 
imides expected were isolated. In addition, with 
derivatives of protoporphyrin methyl ester, the 
two vinyl groups would be expected to give on 
oxidation 2 mol. of CO, and the corresponding 
carboxylic acids, by analogy with the behaviour of 
B-vinylpyrroles on treatment with CrO, under 
conditions in which the pyrrolic «-carbon atoms are 
not attacked (Fischer & Zeile, 1928). When, 
however, oxidation of the vinyl groups is accom- 
panied by oxidation of the pyrrolic rings the 
resulting imide carboxylic acids would be expected 
to decarboxylate spontaneously and, in fact, no 
B-carboxymaleimides have ever been isolated. An 
equation such as (1) would accordingly be expected, 
but its validity has been established here only with 
respect to the amounts of CrO, consumed and of 
CO, evolved; imides were not isolated. The precise 
course of the reaction has not, therefore, been 
established in the present case, but it is considered 
that the #CO, produced did nevertheless represent 
mainly the methene-bridge “C. This is borne out 
by the finding that the observed ratios (#4CO,)/ 
(porphyrin “C) had the values expected for 
(bridge #C)/(porphyrin C). The values were close 
to 0-5 (Table 1) when [«-'C]glycine was the source 
of labelling. After use of [1:4-4C,]succinic acid, 
which should label neither the four bridge nor the 
four vinyl carbon atoms, the value of 0-07 then 
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obtained is not greater than that to be expected 
from the finding of Muir & Neuberger (1949) that 
up to 10 % of the CO, evolved during oxidation (of 
mesoporphyrin ester) may arise from unknown 
sources as a result of side reactions. 


Formation of opsopyrroledicarboxylic 
acid in haemolysates 


It has been shown that a compound closely 
resembling OPD is formed in haemolysates synthe- 
sizing haem. Formation of this compound requires 
incubation (Table 4) but it has not been proved 
that the process is enzymic. Identification of the 
substance with OPD rests at present solely on the 
similarity of solubility properties in ether/water 
(pH 3), on the Celite column and on the paper 
chromatogram. Although suggestive, these find- 
ings cannot be considered as sufficient evidence to 
establish OPD as a metabolite. In particular it has 
not been excluded that the compound was an 
intermediate (formed from PBG) which was 
accumulating as a result of inhibition by OPD. 


Inhibition of haem synthesis by 
opsopyrroledicarboxylic acid 

In view of the possibility that OPD is formed by 
red cells its inhibition of porphyrin synthesis, ob- 
served by Bogorad (1957) and here confirmed, is of 
interest in relation to factors controlling biosyn- 
thesis in vivo. The haemolysate used in obtaining 
the data in Fig. 1 was in fact the least active used, 
as judged by the specific activity of the haem 
synthesized from [«-'4C]glycine under the standard 
conditions of incubation without OPD. Even with 
this preparation it may be seen that a decrease of 
only 5 % in the amount of haem synthesized would 
have required a concentration of about 10yg. of 
OPD/ml., a value ten times the limit of detection of 
OPD. In fact OPD was never found in the extracts 
of ultrafiltrates from untreated haemolysates. It is 
therefore considered unlikely that endogenous 
OPD, if present in the cells studied, had any 
significant effect on the rate of synthesis of haem. 

When it was found that OPD did not apparently 
enter intact red cells (Table 3), it was thought that, 
if bacterial cells were permeable, OPD might be of 
use as a bacteriostatic agent in vivo. The failure of 
OPD to affect bacterial growth under the conditions 
stated was also probably due to a failure to enter 
the cells, although the effect of OPD on synthesis 
by preparations of broken cells from animals or 
plants has not been shown to extend to bacterial 
systems. 


SUMMARY 
1. Radioactive opsopyrroledicarboxylic acid, 


3(4)-carboxymethylpyrrole-4(3)-B-[«-14C ]propionic 
acid, has been synthesized. 
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2. Opsopyrroledicarboxylic acid was shown, by 
three independent methods, not to be incorporated 
into haem during synthesis of the latter compound 
from glycine and succinic acid in lysates of foy| 
red cells. Opsopyrroledicarboxylic acid cannot, 
therefore, act as a cofactor in the manner proposed 
for the biosynthesis of porphyrins of series III. 

3. Protoporphyrin methyl ester copper complex 
was found to give 10 CO,/mol. on oxidation with 
chromic anhydride in sulphuric acid. By degrada. 
tion in this way of protoporphyrin containing (, 
values of the ratio (total ™CO,)/(porphyrin 4() 
were measured, and were found to be the same, 
within limits of error, as those expected for the 
ratio (methene-bridge C)/(porphyrin “C). The 
effect of opsopyrroledicarboxylic acid on the value 
of the ratio in haem, synthesized by haemolysates 
to which had been added [«-!4C]glycine and varied 
concentrations of opsopyrroledicarboxylic acid, 
was investigated. 

4. In haemolysates, opsopyrroledicarboxylic acid 
inhibits the synthesis of haem at a stage subsequent 
to the formation of porphobilinogen but preceding 
the formation of porphyrins. 

5. The synthesis of haem by whole red cells and 
the rates of growth of certain micro-organisms are 
not affected by the presence of opsopyrroledi- 
carboxylic acid in the medium. It is suggested that 
these are the results of permeability barriers. 

6. A compound closely resembling opsopyrrole- 
dicarboxylic acid, in extraction properties and on 
chromatography in two systems, is formed in 
haemolysates synthesizing porphyrin from glycine 
and succinate. There is not yet sufficient evidence 
to identify this compound with opsopyrroledi- 
carboxylic acid. 

We are grateful to Dr W. Brumfitt, Wright—Fleming 
Institute of Microbiology, for bacteriological tests, to 
Dr 8. F. MacDonald, Division of Pure Chemistry, Canadian 
National Research Council, for a gift of opsopyrroledi- 
carboxylic acid, and to Mrs V. Bozovic for assistance in the 
oxidative degradations. 
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The Isolation, Characterization and Chemical 
Synthesis of Muramic Acid 


By R. E. STRANGE anv L. H. KENT 
Microbiological Research Establishment, Porton, nr. Salisbury, Wilts 


(Received 18 June 1958) 


Muramic acid is the trivial name of a hexosamine- 
like substance which was found in acid hydrolysates 
ofspore peptide (Strange & Powell, 1954) and in the 
isolated cell walls from a large number of Gram- 
positive bacteria (Cummins & Harris, 1954, 1956). 
Recently, Weidel & Primosingh (1957) have found 
an apparently identical substance in the isolated 
ell walls of Escherichia coli. Park & Strominger 
(1957) have shown that the acidic hexosamine 
found by Park (1952) as a constituent of uridine— 
pyrophosphate—peptide complexes released from 
penicillin-treated cells of Staphylococcus aureus is 
probably this substance. Muramic acid was iso- 
lated in crystalline form from the spore peptide of 
Bacillus megaterium (Strange & Dark, 1956) and 
provisionally assigned the structure of a 3-O-a- 
carboxyethylhexosamine (Strange, 1956). Kent 
(1957) synthesized 3-O-«-carboxyethyl-p-glucos- 
amine from N-acetyl 4:6-O-benzylidene-«-methyl- 
p-glucosaminide (Neuberger, 1941) and showed it to 
have very similar properties to natural muramic 
acid. 

This paper presents details of the work pre- 
viously briefly reported (Strange, 1956; Kent, 
1957) on the isolation, structure and synthesis of 
muramic acid. 


METHODS AND MATERIALS 


lon-exchange resins. Amberlite IR-4B (OH) and Amber- 
lite TR-120 (H), both A.R. grade, were obtained from 
British Drug Houses Ltd. IR-4B (OH) was treated several 


times with 2n-HCl until the supernatant solution was no 
longer coloured. A column of acid-treated resin was washed 
with water until the effluent liquid was free from acid and 
then treated with n-NaOH until the effluent liquid was 
free from Cl” ions. The regenerated resin was washed with 
de-ionized water until free from alkali and partially dried 
by passage of CO,-free air. Resin was purified in this 
manner just before use; on storage it apparently deterior- 
ated and when an acid solution was mixed with resin 
which had been prepared for some time, soluble pigmented 
material was obtained. IR-120(H) was treated several 
times with 3-6% (w/v) HCl and freed from acid by washing 
it in a column with water. M-NaH,PO,-Na,HPO, buffer, 
pH 6-05, was run through the column until the effluent 
fluid was at the pH of the ingoing buffer. Buffer salts were 
removed from the resin by washing with de-ionized water 
until the effluent liquid was free from phosphate. Dowex 50 
(cross-linkage, x8; mesh, 200-400) obtained from Dow 
Chemical Co., Midland, Mich., U.S.A., was washed with 
4n-HCl until the supernatant fluid was colourless and the 
washed resin was stored in 4N-HCl (Gardell, 1953). 
0-3N-HCl was passed through a column of the resin until 
the acid concentration of the effluent liquid was 0-3N. 

Source of muramic acid. Spore-exudate peptide from 
germinating spores of B. megateriwm was prepared as 
described by Strange & Powell (1954). Larger yields of 
less pure but satisfactory material were obtained if the 
germinated spores were left suspended in water for several 
weeks. 

Isolation of crystalline natural muramic acid. Spore 
peptide (500 mg.) was hydrolysed with boiling 6N-HCI 
(20 ml.) under reflux for 2 hr. The hydrolysate was evapor- 
ated to dryness at 30-40° under reduced pressure and the 
residue was freed from most of the residual HCl by re- 
peated evaporation with water under reduced pressure. 
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The resulting gum was dissolved in water (15-20 ml.) and 
the solution shaken with small quantities of IR-4B (OH) 
until its pH was about 6-5. The mixture was filtered 
through sintered glass (porosity 5/3) to remove humin and 
resin. The filtrate was chromatographed on a column 
containing 80-90 ml. of IR-120(H) resin, buffered to 
pH 6-05, water being used for elution, and six fractions 
each of 10 ml. volume were collected. Samples (0-1 ml.) of 
the fractions were analysed for hexosamine by the method 
of Elson & Morgan (1933) and those giving a positive 
reaction (usually fractions 2, 3 and 4) were combined. The 
solution was evaporated to dryness under reduced pressure 
and the residue dissolved in 0-3n-HCl (1 ml.). The acid 
solution was chromatographed on a column (length 
25 cm., diam. 1-25 cm.) containing 80-90 ml. of Dowex 50 
(cross-linkage, x8; mesh, 200-400) with 0-3n-HCl for 
elution; fractions (approx. 8 ml.) were collected at 15 min. 
intervals on an automatic fraction collector. Muramic acid 
left the column after about 120 ml. of 0-3N-HCl had passed 
through and fractions containing the substance were free 
from glucosamine and amino acids when examined by 
paper chromatography. The appropriate fractions were 
pooled and evaporated to dryness under reduced pressure. 
The residue was dissolved in water (5 ml.) and the resulting 
solution shaken with small amounts of IR-4B (OH) until 
the pH was near 7-0. The mixture was freed from resin by 
filtration through sintered glass and the filtrate evaporated 
to dryness under reduced pressure. To the residue dissolved 
in the minimum volume of water ethanol was added until 
a faint opalescence appeared. Crystallization commenced 
on scratching and was allowed to proceed at —8° for at 
least 24 hr. The crystals were separated by centrifuging at 
0° and recrystallized twice from ethanol—water. The product 
(25-35 mg.) was dried over P,O; in vacuo for 1 hr. at 60°. 


ANALYTICAL METHODS 


C and H determinations were made by Weiler and Strauss, 
Oxford, and Mr A. C. Thomas of the Chemical Defence 
Experimental Establishment, Porton, Wilts. Total nitrogen 
was determined by a micro-Kjeldahl-nesslerization method. 
Reducing power was determined by the methods of 
Somogyi (1945) and Hagedorn & Jensen (1923), and addi- 
tion of HCN by the method of Militzer (1946). 

Determination of hexosamine. Total hexosamine was 
determined by the method of Elson & Morgan (1933) but 
m-NaHCO,/Na,CO, buffer containing 2% (v/v) of acetyl- 
acetone (Immers & Vasseur, 1950) was used (instead of 
acetylacetone in 0-5N-Na,CO,). The colour produced on 
addition of Ehrlich’s reagent was allowed to develop for 
10 min. at 70° followed by 10 min. at room temperature 
(Rondle & Morgan, 1955). These conditions were critical 
when the ‘hexosamine value’ of muramic acid was deter- 
mined with glucosamine as a standard; if the unmodified 
Elson & Morgan method was used, a much lower value was 
obtained. Hexosamine was also determined by deamina- 
tion with HNO, followed by reaction with indole (Dische & 
Borenfreund, 1950), and by steam-distillation with alkaline 
borate buffer followed by determination of the NH, 
released (Tracey, 1952). 

Total amino plus hydroxyl groups. The sample (5 mg.) was 
heated with 0-1 ml. of acetic anhydride—pyridine (1:4, v/v) 
for 1 hr. at 100° in a sealed tube in parallel with a similar 
tube containing acetylating mixture alone. After heating, 
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the contents of the tubes were diluted to 10 ml. with water 
Samples (2-5 ml.) of each were titrated with 0-01 Nn-Na0H, 
with phenolphthalein as indicator and a stream of CO,-free 
air. The amount of acetic anhydride consumed by the sub. 
stance was determined by difference. 

Periodate oxidation. Consumption of periodate was deter. 
mined as described by Jeanloz & Forchielli (1951); near. 
theoretical results were obtained for glucosamine when the 
conditions proposed by these authors were used. Formie 
acid and formaldehyde production were measured by the 
methods of Potter & Hassid (1948) and O’Dea & Gibbon 
(1953) respectively. 

a-Amino groups. The manometric method of Van Slyke, 
Dillon, MacFadyen & Hamilton (1941) was used. 

Alkoxyl groups. The Zeisel method was used. 

Degradation with ninhydrin. The paper chromatographic 
method of Stoffyn & Jeanloz (1954) was used. Products 
were detected with anisidine hydrochloride in butanol 
(Hough, Jones & Wadman, 1950), aniline phthalate 
(Partridge, 1949) or benzidine—acetic acid (Horrocks, 1949), 

Paper chromatography. Whatman chromatographic 
paper no. 1 or 4 was used. Solvent systems employed (all 
v/v) were phenol-water (3:1), collidine—lutidine—water 
(4:1:5), pyridine-ethyl acetate-water (1:2:2), tert. 
butanol-6 n-HCl-water (70:1:29) and butanol-acetic acid- 
water (4:1:5). 

Electrometric titration. Carbon dioxide-free air was blown 
through a solution of the sample in a small cell connected 
by a bridge of saturated KCl solution to a standard 
electrode. A micro-glass electrode dipped in the solution 
and pH changes occurring on titration with 0-01 Nn-Na0H 
or 0-01N-HCl were measured in a model no. 23 pH meter 
(Electronic Instruments Ltd.). 

Infrared spectrophotometry. Infrared spectra were ob- 
tained by Mr L. C. Thomas of the Chemical Defence 
Experimental Establishment, Porton, Wilts., who used a 
Perkin—Elmer double-beam instrument, model no. 21. 


RESULTS 


Behaviour of muramic acid on paper chromato- 
grams. On two-dimensional paper chromatograms 
with phenol—water in an atmosphere of NH,, 
followed by collidine—lutidine—water, the position 
occupied by the spot corresponding to muramic 
acid varied but the substance was always disting- 
uishable from glucosamine or galactosamine 
(Strange & Powell, 1954; Cummins & Harris, 
1956). On _ single-dimensional chromatography 
muramic acid was easily separated from these 
hexosamines with either phenol—water in the 
absence of NH, or tert.-butanol-HCl—water (Strange 
& Powell, 1954). It reacted with ninhydrin, 
ammoniacal AgNO,, Elson & Morgan reagents and 
weakly with sugar-spray reagents such as aniline 
phthalate, anisidine hydrochloride or benzidine- 
acetic acid. It gave no reaction with reagents for 
keto sugars. 

Behaviour of muramic acid in the Elson & Morgan 
reaction. The colour produced by muramic acid 
after condensation with alkaline acetylacetone and 
addition of Ehrlich’s reagent was salmon-pink 
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and quite distinct from that produced by glucos- 
amine or galactosamine (Strange & Powell, 1954). 
This characteristic colour reaction was utilized 
during the isolation of the substance; the ratio 
B90 my! “520 my, for the muramic acid derivative was 
0-89-0:93, whereas for glucosamine or galactos- 
amine chromophores the ratio was 1-06—1-08 
(Strange & Dark, 1956). 

Isolation and composition of muramic acid. Acid 
hydrolysates of spore peptide from B. megaterium 
contained glucosamine, muramic acid, alanine, 
glutamic acid, «e-diaminopimelic acid and acetic 
acid. The method of Gardell (1953) for the separa- 
tion of hexosamines on columns of Dowex 50 was 
not applied to the separation of muramic acid and 
glucosamine because the peaks at which the sugars 
are eluted by 0-:3N-HCl on a preparative scale 
overlap somewhat. Therefore glucosamine was 
removed by absorption on to IR-120 (Na/H), 
buffered to pH 6-05, before chromatography of the 
hydrolysate on Dowex 50. Attempts to crystallize 
muramic acid hydrochloride by concentration of 
the 0:3N-HCl eluates from the Dowex 50 column 
were unsuccessful. However, after treatment with 
IR-4B (OH) to form the free base, crystallization 
occurred fairly readily. 

The purity of recrystallized muramic acid used 
for analysis was confirmed by paper chromato- 
graphy with the five solvent systems given in 
Methods. Dried crystalline material contained: 
C, 40-5; H, 7-1; N, 5-3 %; no detectable P or 8. The 
analyses corresponded to C,H,,O,N, mol.wt. 269. 
A determination of molecular weight by Barger’s 
(1904) method showed that the value was not a 
multiple of 269. The substance was dextrorotatory 
({x]?° 109°; c, 2 in water). 

With glucosamine as a standard, estimation of 
the pure substance by the methods of Elson & 
Morgan (1933), Dische & Borenfreund (1950) and 
Tracey (1952) gave ‘hexosamine values’ of 56, 54 
and 64 % respectively (Strange & Dark, 1956). The 
finding that muramic acid gave a positive reaction 
for hexosamine by the three methods strongly 
suggested that it was a 2-deoxyamino sugar with 
a carbonyl group vicinal to an amino group. 
Confirmation of the presence of a reducing group 
was obtained by determinations of reducing power 
and addition of HCN, which gave results of 29 and 
23%, as glucose, respectively. 

The behaviour of muramic acid on a column of 
IR-120 resin, buffered to pH 6-05, suggested that it 
possessed an acidic group. Electrometric titration 
confirmed the presence of a carboxyl group and 
also of an amino group, the pK values of which 
were approximately 2-6 and 8-8 respectively. No 
z-amino nitrogen was detected by the ninhydrin— 
CO, method of Van Slyke et al. (1941). Degradation 
with ninhydrin (Stoffyn & Jeanloz, 1954) gave a 
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product which, on paper chromatography with 
pyridine—ethy] acetate—water or collidine—lutidine— 
water as solvents, reacted as a pentose with spray 
reagents for sugars but which had an R, less than 
that of arabinose, ribose, lyxose or xylose (Strange 
& Dark, 1956). On paper electrophoresis at pH 8-6, 
the derivative moved 4 cm. to the anode, whereas 
ribose moved 1 em. to the cathode (220v, 2-5 hr.). 
It appeared that the derivative was a pentose with 
an acidic group. 

Determination of hydroxyl] plus amino groups by 
quantitative acetylation gave a value of 3-8. The 
isolated acetylated product gave a Morgan & 
Elson (1934) reaction for N-acetylhexosamine and 
the absorption spectrum of the coloured derivative 
was identical with that of the derivative of N- 
acetylglucosamine. 

The following results were obtained from perio- 
date-oxidation experiments, the molecular weight 
of muramic acid being assumed to be 269; con- 
sumption of periodate, 2-6 moles; production of 
formic acid, 1-7 moles; production of formaldehyde, 
0-93 mole; NH, was also released but was not 
determined. The formation of formaldehyde on 
oxidation of muramic acid with periodate showed 
that a primary alcohol group was present vicinal to 
an actual or potential secondary alcohol group. 

The above results suggested that muramic acid 
was a substituted 2-deoxyamino hexose with a 
glycosidic hydroxyl at position 1, a primary 
hydroxyl at position 6 and an actual or potential 
secondary hydroxyl at position 5. The periodate- 
oxidation studies showed that the other hydroxyl 
group was on either C-3 or C-4 of the hexosamine. 
Thus a substituent carrying a free carboxyl group 
was attached to either C-3 or C-4 and, because of 
the stability of muramic acid in hot, moderately 
strong mineral acids, the attachment was probably 
by means of a C-C or ether linkage. No volatile 
alkyl halide was obtained on heating the substance 
with constant-boiling HI in the Zeisel method, but 
on heating with HI+red P, a fatty acid was 
released. In a qualitative experiment, muramic 
acid (2-3 mg.) was heated with constant-boiling 
HI (0-5 ml.) and a small amount of red P in a 
sealed tube for 0-5 hr. at 130°. After cooling, the 
solution was extracted several times with small 
volumes of ether. The extracts were pooled and 
extracted with aqueous Na,CO, solution containing 
Na,S,0,. The aqueous extract was acidified with 
dilute HCl and extracted with ether. The final 
ether extract was evaporated to dryness under 
reduced pressure and a small residue was obtained 
which smelled strongly of a fatty acid, probably 
propionic acid. A trace of phenolphthalein was 
added and the residue was neutralized by the 
addition of aq. N-NH, solution from a micropipette. 
Examination of the neutralized residue by paper 
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chromatography (Reid & Lederer, 1952) showed 
that a fatty acid was present which had the same 
R, as propionic acid. When glucosamine was 
treated in a similar manner, no evidence for the 
presence of a similar fatty acid was found. It 
appeared probable that the substituent was a C, 
carboxylic acid attached to hexosamine via an 
ether linkage. A structure in agreement with this 
suggestion was O-«-carboxyethylhexosamine which, 
on degradation with hot concentrated H,SO,, would 
be expected to give acetaldehyde. When muramic 
acid was heated with 86% (v/v) H,SO, for 5 min. 
at 100° and p-hydroxydiphenyl+Cu?+ ions 
(Barker & Summerson, 1941) were added to the 
cooled solution, a purple colour developed that is 
characteristic of acetaldehyde. No colour was 
produced when glucosamine or galactosamine was 
treated in a similar manner. With a standard of 
lactic acid, maximum colour developed after 
heating with acid for 5 min. and addition of p- 
hydroxydiphenyl+Cu*+ ions, but the amount of 
colour obtained decreased if the heating period was 
prolonged over 10min. Maximum colour was 
obtained with muramic acid after heating with acid 
for about 17 min., which suggested that hydrolysis 
of the ether linkage had to occur before breakdown 
of lactic acid to acetaldehyde could proceed. Under 
these conditions an accurate determination of the 
combined lactic acid in muramic acid was not 
possible but the maximum colour obtained indi- 
cated the presence of at least 25% (theoretical 
based on mol.wt. 269, 33%). 

Kuhn, Gauhe & Baer (1954) report that 4-0O- 
derivatives of N-acetylhexosamines fail to give a 
positive Morgan & Elson (1934) reaction and 
because the N-acetylated muramic acid derivative 
gave a positive reaction it seemed likely that the 
substituent group was on C-3. A structure in 
agreement with the analyses and reactions described 
was 3-0-«-carboxyethylhexosamine, but this had 


o————CH, 


| 0 
C,H,;*CH OH 


Me 
NH: Ac 


R. E. STRANGE AND L. H. KENT 


NaH 


1959 


mol.wt. 251. It was assumed that the product as 
isolated contained 1 mole of water of crystalliza. 
tion, giving mol.wt. 269, in exact agreement with 
that based on elementary analysis. Attempts were 
then made to synthesize a substance with this 
structure. 

Synthesis of muramic acid (Fig. 1). N-Acetyl. 
4:6-O0-benzylidene-«-methyl-p-glucosaminide (Neu. 
berger, 1941) seemed a suitable starting material, 
In a preliminary experiment this substance was 
refluxed in dry methanol—acetone (1:3) with ethyl 
«-iodopropionate in the presence of 10 equivalents 
of dry, freshly prepared Ag,O, with stirring for 
60 hr. A trace of material giving the same ratio of 
transmission at 520 and 530 my in the Elson ¢ 
Morgan reaction as muramic acid and _ behaving 
identically on paper chromatography with the 
natural substance was obtained. Considerable 
reduction of the Ag,O to silver had taken place and 
the reaction was obviously unsatisfactory as a 
preparative method. A similar reaction with ethy! 
a-DL-iodo-orthopropionate also appeared unprom. 
ising, so the glucosaminide was converted into its 
sodio derivative by means of NaH in dry, de. 
peroxidized tetrahydrofuran. In the initial experi- 
ments this was refluxed with ethyl «-DL-iodo- 
orthopropionate, and subsequently ethyl «-p1- 
iodopropionate was shown to be equally satis. 
factory. In both cases, as expected, two isomers 
were formed. With the orthopropionate, the 
derivative of the isomer of muramic acid was 
sparingly soluble in cold tetrahydrofuran and the 
bulk of it could be centrifuged off at the end of the 
condensation reaction and worked up separately. 
With the simple iodopropionate both isomers are 
soluble in the solvent and after hydrolysis were 
worked up as for natural muramic acid, the two 
isomers being separated by careful fractionation on 
the Dowex 50 column. The second peak from the 
column was identical in position with that occupied 
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Fig. 1. Synthesis of muramic acid. 
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Table 1. Optical rotation and chromatographic behaviour of natural and synthetic muramic acid 
and the synthetic isomer 


Average values derived from several experiments 


Optical 

rotation 
(«li 
+109 
+109 

52 0-44 


Natural muramic acid 
Synthetic muramic acid 
Stereoisomer of muramic acid + 


aca 


\ 


RB jescsatan wae 
on Zeo-Karb 


225 column eluted 
with 0-33N-HCl 
1-10 
1-10 
0-87 


R,;* 
0-53 
0-53 


* Values obtained with Whatman no. 1 paper and phenol—water as solvent. 
+ Values in this column have been reported by Crumpton (1958). The Ryjcosamine value Telates the elution characteristics 
of the substance to those of glucosamine run at the same time. 


by muramic acid when run under the same condi- 
tions. Full details are given in the Experimental 
section. 

The product was shown to be identical with 
natural muramic acid in the following respects: 
(1) It gave the same ratio (0-93) for —log trans- 
missions at 530 and 520 my in the Immers & 
Vasseur (1950) modification of the Elson & Morgan 
(1933) test. (2) When eluted from an analytical 
column of Zeo-Karb 225 it produced a peak identical 
in shape and position with that given by natural 
muramic acid when run under precisely similar 
conditions. (Crumpton, 1958). (3) It behaved 
identically with muramic acid on paper chromato- 
grams in phenol—water and tert.-butanol—6N-HCl- 
water. (4) On oxidation with ninhydrin it gave a 
pentose type of material which behaved identically 
with the oxidation product of natural muramic acid 
on a paper chromatogram in ethyl acetate—pyri- 
dine-water and in paper electrophoresis. (5) The 
infrared-absorption spectra (2-15) of the syn- 
thetic and the natural material were identical. 

In all these tests, the synthetic material behaved 
ina markedly different manner from glucosamine 
and slightly but significantly different from the 
isomer mentioned above. Optical rotations and 
chromatographic data for the two synthetic isomers 
and natural muramic acid are given in Table 1. 


DISCUSSION 


The analytical and synthetic work leave no doubt 
that muramic acid is 3-O-«-carboxyethyl-p-glucos- 
amine or its enantiomorph. On biological grounds 
it would seem unlikely that this acid would be a 
derivative of L-glucosamine. It has not been found 
possible so far to -legrade muramic acid to D- 
glucosamine but the enantiomorphic configuration 
is effectively ruled out by the fact that muramic 
aid is strongly dextrorotatory: [«]??+109+3° 
(2%, w/w, in water). This synthesis leaves am- 
biguous the configuration of the asymmetric 
carbon atom of the lactic acid moiety, nor is the 


22 


use of an optically active lactic acid derivative 
likely to resolve this point without extensive 
kinetic studies of the condensation to determine its 
mechanism. However, muramic acid is more 
strongly dextrorotatory than «-glucosamine, the 
more strongly dextrorotatory of the anomers of 
glucosamine ([«]?? 100; Westphal & Holzmann, 
1942), and than «-glucosamine hydrochloride. If 
the laws of optical superposition hold even 
approximately in this case, the lactic acid moiety 
must be dextrorotatory. The infrared spectrum 
shows that muramic acid as isolated is in the 
‘zwitterion’ form. Purdie & Walker (1895) have 
shown that p(—)-lactic acid gives dextrorotatory 
salts. It follows therefore that the configuration of 
the ionized lactic moiety in muramic acid is very 
probably pb. 

Structurally, muramic acid is closely related to 
neuraminic acid (Gottschalk, 1955), Oxidation at 
the asymmetric carbon atom of the lactic acid 
moiety of muramic acid in its open-chain form, 
followed by an internal aldol condensation, con- 
verts the structure into that of neuraminic acid. 

So far muramic acid has always been found 
associated with amino acids, glucosamine, or 
galactosamine or both. In the cell wall it could be 
attached to an amino acid by a peptide linkage and 
to hexosamine by a glycosidic linkage. Strange & 
Powell (1954) found that hydrolysis of spore peptide 
with 0-5Nn-hydrochloric acid released only 66% of 
the hexosamine found after hydrolysis with 6N- 
hydrochloric acid, suggesting that a proportion of 
the amino sugars present were not attached by 
glycosidic linkages. 


EXPERIMENTAL 


Starting materials 


N - Acetyl - 4:6 -O - benzylidine - «- methyl - p -glucosaminide, 
Synthesized as by Neuberger (1941). 

Tetrahydrofuran. Tetrahydrofuran was treated with 
SnCl, and anhydrous CaCl,, and allowed to stand in the 
dark for 24hr. and fractionally distilled. The distillate 
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(64-66°) was treated with sodium wire, and allowed to 
stand overnight and again treated with fresh sodium wire 
with occasional shaking for several hours. The supernatant 
was carefully blown over by dry air into a flat-bottomed 
flask protected by a CaCl, tube, treated with 0-5 g. of NaH 
and allowed to stand overnight. It was then treated with 
successive small (0-05 g.) amounts of NaH until there was 
no appreciable evolution of H,. 

Ethyl «-pu-iodopropionate. This was prepared by re- 
fluxing ethyl 2-bromopropionate (British Drug Houses Ltd.) 
with a small excess of Nal in dry acetone overnight. After 
cooling, the product was filtered from NaBr, and the 
solvent removed and the residue distilled, b.p. 39°/2 mm. 
Hg. 

Ethyl «-p.-iodo-orthopropionate. Attempts to prepare 
this substance by a method analogous to that used by 
Beyerstedt & McElvain (1937) for the preparation of ethyl 
a-iodo-orthoacetate from the bromo-orthoacetate were un- 
successful. With anhydrous methanol as solvent consider- 
able amounts of NaBr were formed, showing that halogen 
exchange had taken place but appreciable quantities of 
free iodine were also formed. After removal of solvent, the 
product was extracted from inorganic material with ether 
and in one experiment the free iodine was removed from 
the ethereal layer by successive extractions with saturated 
aqueous KI solution until the aqueous layer was colourless. 
After drying and removal of solvent, the product was 
distilled but yielded only a small quantity of distillate 
(0-8 ml. from 6 ml. of bromo-ortho ester); b.p. 45-57°/ 
4mm. Hg. Despite the fact that this distillate had about 
the expected refractive index (nj 1-458) (as also had the 
residue from the still, nD 1-461) and contained iodine, its 
boiling point is too low for ethyl «-iodo-orthopropionate. 
In a second experiment, the free iodine was removed from 
the ethereal solution, prepared as above by shaking with 
Hg metal. On distillation, the yield was much improved 
but the distillate had the same characteristics. 

For the condensation described below, ethyl «-iodo- 
orthopropionate was prepared by refluxing 0-001 mole of 
a-bromopropionate (Walters & McElvain, 1940) with 
0-001 mole of Nal in 40 ml. of purified tetrahydrofuran for 
40 hr. The product was cooled, filtered from NaBr and 
used directly. 


Synthesis of muramic acid 


The synthesis of muramic acid from N-acetyl-4:6-0- 
benzylidene-«-methyl-p-glucosaminide and ethyl «-DL- 
iodo-orthopropionate has been briefly described (Kent, 
1957). The glucosaminide in dry, deperoxidized tetra- 
hydrofuran was treated with excess of NaH at reflux 
temperature with stirring and after 7 hr. the sodio deriva- 
tive was separated from the heavier excess of NaH by 
decantation under anhydrous conditions. It was then 
stirred under reflux with a preparation of ethyl «-pL-iodo- 
orthopropionate (prepared from 1-5 equiv. of the bromo- 
orthopropionate as described above). The two expected 
isomers, having the alternative configurations about the 
C atom of the lactic acid moiety, were obtained in approxi- 
mately equal amounts. The derivative of the isomer of 
muramic acid, being sparingly soluble in cold tetrahydro- 
furan, largely separated as a solid at the end of the con- 
densation and could be centrifuged off. After hydrolysis 
of the supernatant and removal of glucosamine on an 
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TR-120 column buffered to pH 6-05, the muramic acid was 
separated from the remaining isomer on a Dowex 5 
column. Later it was found that the simple ester, ethyl 
«%-DL-iodopropionate, could successfully replace the ortho 
ester but, in this case, the two isomers formed are both 
soluble in tetrahydrofuran and they had to be separated by 
careful fractionation on the Dowex 50 column, from which 
they issue in two well-defined peaks with a small overlap, 
By both these methods, muramic acid could be prepared as 
a freeze-dried powder in 20 % theoretical yield based on the 
glucosaminide (25mg. from 0-001 mole). The methods 
depending on the separation of two solids were obviously 
cumbersome and prone to loss, so improvements were 
sought. It was found that although ethyl «-iodopropionate 
reacted rapidly in boiling tetrahydrofuran with NaH, as 
shown by a brisk evolution of H,, its rate of reaction with 
the sodio derivative of the glucosaminide was at least 
comparable. The method was therefore modified as follows, 

The dry glucosaminide (0-32 g., 0-001 mole) was intro. 
duced into a well-dried 250 ml. three-necked flask, fitted 
with mercury-seal stirrer and reflux condenser protected by 
a CaCl, and a soda-lime tube. Approximately 40 ml, of 
dry, deperoxidized tetrahydrofuran was blown in by a 
stream of dry air and the mixture warmed with stirring 
until solution was complete. NaH (approx. 0-05 g.) was 
added and the mixture stirred at gentle reflux for 7 hr, 
NaH (0-05 g.) being added at the end of 2, 3, 4 and 6hr. 
Ethyl «-iodopropionate (0-9 g., 0-004 mole) was then added 
and the stirring and refluxing were continued for 20 min, 
when most of the sodio derivative went into solution. The 
product was cooled to room temperature, which moderates 
the reaction between the ester and NaH, and was then 
decanted under anhydrous conditions from excess of NaH, 
the latter being washed by decantation twice with 10 ml. of 
tetrahydrofuran. The combined fluid product was treated 
with ethyl «-iodopropionate (0-22 g., 0-001 mole), then 
refluxed for 1 hr. and, after cooling, centrifuged to remove 
a small amount of solid. The solvent was removed by 
distillation, eventually at the water pump, and the residue 
(partly solid, partly liquid) treated with light petroleum 
(b.p. 40-60°) and scratched until wholly solid. The light 
petroleum was poured off and the residue triturated twice 
with light petroleum to remove as much ester as possible, 
It was then dried, taken up in 10 ml. of ice-cold methanol 
and filtered. The methanol was removed by distillation, 
eventually at the water pump, and the residue dried in 
vacuo over H,SO, (1 hr.). 

The dried product was hydrolysed with 6N-HCI (5 ml.) 
for 2hr. and the hydrolysate was extracted with ether 
until the ethereal layer was colourless, thereby removing 
benzaldehyde and much free iodine. The aqueous layer was 
evaporated to dryness in vacuo, then taken up in a small 
volume of water and again evaporated to dryness in vacuo. 
The product was dissolved in 2-3 ml. of water and shaken 
with small quantities of IR-4B (OH) until the pH rose to/. 
It was then filtered through a no. 4 sintered-glass filter, the 
resin was washed and the combined filtrates were reduced 
to 5 ml. if necessary. This filtrate was applied to a column 
(20 cm. x 1-5 cm. diam.) of IR-120, buffered to pH 6:05, as 
described under Methods, and was eluted with water 
(50 ml./hr.), 10 ml. fractions being collected. A portion 
(0-05 ml.) of each fraction was tested for amino sugar by 
the Elson & Morgan test. The positives were bulked and 
evaporated to dryness in vacuo. The residue was taken up 
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in the minimum volume of 0-3n-HCI, placed on a column 
(20 cm. x 2-0 cm. diam.) of Dowex 50 ( x 8: mesh, 200-400) 
previously equilibrated with 0-3n-HCl and eluted with 
(-3n-HCl (15 ml./hr.), 5 ml. fractions being collected. 

Elson & Morgan tests on samples (0-1 ml.) of the eluates 
showed that the isomer left the column after approx. 
200 ml. of 0-3n-HCl had passed through (peak 230- 
250 ml., according to exact column size and flow rate). 
Muramic acid followed (peak 270-310 ml.), there being a 
small overlap of the peaks. Those fractions containing 
muramic acid which from the shape of the peaks were 
shown to be free from isomer were bulked, evaporated to 

ess in vacuo, taken up in about 2 ml. of water and 
neutralized (pH 7) with IR-4B (OH). The resulting solu- 
tion was filtered from resin and freeze-dried. Yield 45 mg. 

For crystallization, the product was dissolved in the 
absolute minimum volume of 50% (v/v) ethanol—water, 
absolute ethanol added until a faint turbidity formed and 
the mixture allowed to stand at — 8° for 24 hr. Losses were 
considerable. 

The crystalline product contains some NaCl, which is 
only slowly removed by repeated crystallization. After two 
recrystallizations it still contains about 1% of inorganic 
material. As reported for the natural acid (see Results), 
drying for a short period at 60° in vacuo leaves some water 
and prolonged drying at this temperature does not quanti- 
tatively remove it. Drying for any prolonged period at 
100° leads to sintering. A sample dried in vacuo over 
P,0; at 80° for 24 hr. gave the following figures, adjusted 
for ash content: C, 43-1; H, 7-0; N, 5-5 (Dumas, variation 
52-56). CyH,,0,N requires C, 43-0; H, 6-8; N, 5-6%; 
[a]? +109+3° (2%, w/w, in water). 


The isomer of muramic acid 


If the ortho ester was used, the material insoluble in 
tetrahydrofuran was hydrolysed with 6N-HCl and worked 
up as for muramic acid. The product contained only traces 
of muramic acid and started to issue from the Dowex 50 
column after about 200 ml. After evaporation to dryness 
and neutralization with IR-4B (OH) it was isolated as a 
freeze-dried powder. If ethyl «-iodopropionate was used in 
the preparation, the first peak from the Dowex column, 
suitably cut to avoid contamination with muramic acid, 
was treated similarly. Yields by both methods were about 
equal to the yields of muramic acid; [«]j) (freeze-dried 
product) + 52° (2%, w/w, in water). 

The Ry of the isomer in phenol—water was slightly less 
than that of muramic acid, and the Ry for its ninhydrin- 
oxidation product in ethyl acetate—pyridine-water was 
slightly greater than that of the similar product from 
muramic acid. A comparison of the two isomers is shown in 
Table 1. 


SUMMARY 


1. The isolation of crystalline muramic acid 
from spore peptide is described. 

2. Analyses of the natural product suggests that 
itis a 3-O-x-carboxyethylhexosamine. 

3. Synthesis of a 3-O-x-carboxyethyl-p-glucos- 
amine is described. The product is identical with 
natural muramic acid. The «-carboxyethyl group 
probably has a D-configuration. 
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The Intracellular Redistribution of Catalase During the 
Incubation of Mouse-Liver Slices 
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Adams & Berry (1956) found that when mouse- 
liver slices were incubated at 38° in a phosphate 
saline medium the catalase activity of the system 
approximately doubled after 2 hr., when deter- 
mined in the way described, and tentatively sug- 
gested that the additional catalase might be pro- 
duced by the breakdown of an inactive complex of 
the enzyme with an inhibitor. However, sub- 
sequent attempts to find such a dissociable complex 
have been unsuccessful (Adams & Burgess, 1958). 

Recently Adams & Burgess (1957) showed that 
the catalase activity measurable in liver homo- 
genates depended largely on the homogenization 
technique. The homogenization of liver in an all- 
glass pestle homogenizer with about 12 pestle 
strokes gave a suspension virtually free of intact 
cells, but containing an abundance of large 
granules. In such a suspension 20-30% of the 
total catalase activity was found in solution; and 
this soluble catalase was referred to by these 
authors as the extra particulate cytoplasmic 
fraction. The remaining catalase, present in the 
large granule fraction, was not measurable until 
the granules were disrupted by prolonged homo- 
genization, or by the addition of a non-ionic 
detergent (Triton X 100). Both nuclei and small 
granules contain little or no catalase activity 
(found in rats by Euler & Heller, 1949, and by 
Ludewig & Chanutin, 1950; and confirmed in mice 
by Adams & Burgess, 1957). The unbroken large 
granules had a small but measurable catalase 
activity (about 5% of the total), attributed by 
Adams & Burgess (1957) to a slight granule per- 
meability to the hydrogen peroxide substrate. 

The homogenization technique used for slices by 
Adams & Berry (1956) was such that their measure- 
ments would have been principally of the extra 
particulate cytoplasmic catalase fraction. We there- 
fore decided to find out whether the granule 
fraction was the source of the additional catalase 
appearing in the extra particulate cytoplasmic 
fraction during the incubation of slices. 


EXPERIMENTAL 


Animals. Young adult female Swiss albino mice (ob- 
tained commercially) were used throughout. The diet of the 
animals consisted of commercial rat cubes and water (both 


ad libitum). 


Triton X100. This non-ionic detergent, kindly given to 
us by Charles Lennig and Co., was used at a final concentra. 
tion of 1% to disrupt large granules and liberate their 
catalase activity. 

Homogenization. This was effected by a Ten Broeck 
grinder of the type described by Adams & Burgess (1957), 

Preparation of catalase fractions from liver slices, Liver 
slices were prepared and incubated at 38° in phosphate 
saline as described by Adams & Berry (1956), with the 
following modifications: (1) about 40 mg. of slices wer 
incubated in 2-5 ml. of saline; (2) oxygen was not passed 
through the tubes: leaving them open to the atmospher 
was found to be adequate; (3) 0-25 ml. of 0-1 M-ethanol was 
added to the homogenates (giving a final concentration of 
0-01M) in order to prevent losses of catalase through the 
formation of an inactive complex of catalase with hydrogen 
peroxide (‘complex II’, Chance 1950; Adams & Burges, 
1958). 

Tubes were removed at intervals and the slices homo- 
genized. Twelve pestle strokes were used, and liver treated 
in this way will be referred to as a ‘12-stroke homogenate’ 
(Adams & Burgess, 1957). When required, the large granules 
were separated from the homogenate by centrifuging at 
10 000 g for 20 min. The supernatant [containing the extra 
particulate cytoplasm (EPC) catalase fraction] was separ- 
ated from the pad of granules, which was then resuspended 
in the same volume of water containing Triton ani 
ethanol. Thus prepared, the large-granule fraction con. 
tained the nuclei, and the supernatant contained the small 
granules. 
~ Catalase measurements were made on the following pre. 
parations from slices: (1) 12-stroke homogenate (i.e. EP( 
fraction and unbroken granules); (2) EPC fraction; 
(3) granule fraction (after the addition of Triton); (4) 12. 
stroke homogenate after the addition of Triton (i.e. total 
catalase). The small catalase activity due to unbroken 
granules was normally obtained by the difference between 
(1) and (2). 

Preparation of large-granule samples from whole liver. 
These were prepared by homogenizing unsliced liver (1? 
pestle strokes) in phosphate saline, or in 0-25M-sucros, 
both containing ethanol (1 g. of liver in 10 ml. of medium). 
The sucrose homogenates were brought to pH 7-0 by the 
addition of sodium bicarbonate. The pH. was measured 
with a Pye pH meter and glass electrode, standardized 
according to the maker’s instructions. In some exper: 
ments the homogenates were centrifuged at 800g fu 
10 min. to remove nuclei and debris. The granules were 
then left in contact with the soluble components of the 
liver during the incubation. In other experiments the 
granules were separated from the nuclei-free suspension by 
centrifuging at 10000 g for 20 min. and resuspending 
sufficient fresh medium to restore the original fluid 
volume. 
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Estimation of liver-catalase activity. Catalase was esti- 
mated, as previously described, by titration of the excess of 
hydrogen peroxide remaining after allowing 25 ml. of 
.025mM-hydrogen peroxide to stand in contact with a 
measured sample of liver homogenate for 4 min. at 0°. 
Corresponding determinations of total nitrogen were made 
by the Kjeldahl method, catalase results being expressed in 
arbitrary units/mg. of N. The method, the arbitrary units 
used and the reasons for referring catalase activity to 
nitrogen are described by Adams (1950, 1952). The catalase 
activities in the various fractions were referred to the 
nitrogen content of the whole homogenate from which 
they were prepared. 

Method of counting large granules. (a) Liver slices. 
Samples of 12-stroke homogenates of slices were diluted in 
phosphate saline to give a liver concentration of about 
01% (w/v). (6) Isolated granules. These were prepared in 
(-25m-sucrose and diluted in the same medium until the 
suspension contained the granules from about 1 mg. of liver 
in] ml. In both cases three separate counts, each of about 
120 granules, were made in a Neubauer haemocytometer, 
and the mean was taken. 


RESULTS 


Liver slices were incubated at 38° and catalase 
was estimated in the various fractions after 1, 2 and 
4hr. The results, in Fig. 1, show that whereas the 
total catalase activity remained constant over the 
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0 ag 
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eames 
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Time (hr.) 

Fig. 1. Catalase activities in mouse-liver slices during 
incubation for 4 hr. at 38° in phosphate saline. A, Total 
catalase; O, granule fraction; @, EPC fraction; x---x, 
12-stroke homogenate. Results are given as arithmetic 
means (six experiments) +S.E.M. 
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incubation period, the activity in the EPC fraction 
rose and that in the granule fraction fell by the 
same amount. The catalase activity in the 12- 
stroke homogenate rose in parallel with that of the 
EPC fraction, indicating that the contribution due 
to the unbroken granules remained constant during 
the incubation. 

These results suggested very strongly that the 
catalase appearing in the EPC fraction was derived 
from the granule fraction. This might have occurred 
in three ways. First, the granules may be per- 
meable to catalase, with the result that the enzyme 
migrates through the intact granule wall. Secondly, 
the granules may become more fragile during 
incubation, with the result that they are broken up 
to a much greater extent than before by the 12 
strokes of homogenization. Thirdly, the granules 
may lyse during the incubation, liberating their 
enzyme content into the EPC. 

Experiments were performed in order to dis- 
tinguish between these possibilities. Counts were 
made on 12-stroke homogenates prepared from 
liver slices before and after incubation: the results 
are given in Table 1. After incubation for 2 hr., 
when most of the catalase release occurred, no 
change was seen either in number or appearance. 
After 4hr., however, the granules were less re- 
fractile and difficult to count, and the number 
visible had decreased. 

Slices were incubated for 2 hr., and the rate of 
catalase liberation on progressive homogenization 
was compared with that from unincubated slices. 
The results, in Table 2, show that although after 
12 strokes of homogenization more catalase was 
present in the homogenate from incubated than 
from unincubated slices, on further homogenization 
there was no evidence of increased fragility of the 
granules from the incubated slices. Over the 
successive intervals of homogenization given at 


Table 1. Granule counts and corresponding catalase 
activities after incubation of liver slices at 38° 


Slices were homogenized with 12 strokes of a Ten Broeck 
grinder. Both catalase activities and granule numbers are 
expressed in arbitrary units/mg. of N. 


Time of incubation (hr.) ... 0 


105 
136 
130 
142 
124 


126 


Catalase 


Average 


226 
241 
241 
313 
269 


258 


Number of large granules 
( x 10-7) 


Average 
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Table 2. Rate of catalase liberation during progressive homogenization of 12-stroke homogenates 
of liver slices before incubation and after incubation for 2 hr. 


Catalase activities are given as arbitrary units/mg. of N. Homogenization is expressed as pestle strokes of a Ten Broec 
grinder. 
Pestle strokes of grinder... 12 50 100 200 300 


Before incubation 91 163 247 327 394 
109 176 262 333 384 

89 146 208 279 354 

91 136 182 278 320 

82 145 175 250 340 


Average 92 151 215 293 359 

After incubation 259 266 292 332 372 
252 279 292 313 364 

136 177 217 289 330 


157 181 234 279 321 
190 246 280 310 335 


Average 199 230 263 305 345 


12-300 strokes gave 267 units from unincubated slices, 146 units from incubated slices, a ratio of 1-83:1. This ratio was 
essentially constant over the homogenization range. 
Strokes 12-50 50-100 100-200 200-300 
Unincubated 
ere € -94 1-85 1-65 
Incubated is - - 


Table 3. Catalase activities in liver large granules and their catalase content, and that of the sw. 
and the surrounding medium, when incubated in rounding medium, were measured at intervals. As 
phosphate saline at 38° shown in Table 3, no additional catalase appeared 

in the medium, and the catalase content of the 

granules was unchanged. This was found whether 

Time of incubation (hr.) 0 1 2 4 the granules were incubated in 12-stroke homo. 

1. (a) In liver supernatant phosphate saline genates, in such homogenates after the removal of 

(after removing nuclei by centrifuging) nuclei or after resuspension in fresh phosphate 

Granule catalase 170 170 150 saline. The lower activities of the granule fractions 

130 120 115 after removal of nuclei (Table 3) was due to some 

190 190 175 loss of granules through their clumping in the 

Supernatant catalase 72 59 52 relatively concentrated saline suspensions and 
a = = consequent sedimentation with the nuclei. 

: 4 In further experiments granules were prepared 

(6) Without the preliminary removal of nuclei and incubated at 38° in 0-25m-sucrose. A rapid 

Granule catalase 400 8390 = 385 385 liberation of catalase into this medium was ob- 

Supernatant catalase 72 70 70 68 served. The rate was greater when the granules 

2. (a) After resuspending nuclei-free granules were incubated in contact with the soluble com. 

in fresh phosphate saline ponents of the liver than when they were first 

Granule catalase 190 190 185 185 resuspended in fresh sucrose (Fig. 2). Incubation 

175 160 160 160 at 25° or at 0° (granules not resuspended) greatly 

Supernatant catalase 10 10 10 12 reduced the catalase liberation (Fig. 3). 

10 9 11 11 Granules were then prepared and incubated in 
(b) After centrifuging granules + nuclei and 0-25m-sucrose, and counts were made in parallel 
resuspending in fresh phosphate saline with catalase estimations during incubation for 

Granule catalase 480 470 470 475 4hr. at 38°. No change was seen in either the 

Supernatant catalase 10 15 15 15 number or microscopical appearance of the 

= : _ granules (Table 4). 


Catalase activities are given in arbitrary units/mg. of N. 


the foot of Table 2, the ratio (catalase produced : Le 
from unincubated slices)/(catalase produced from Evidence that the decomposition of 
incubated slices) remained constant. hydrogen peroxide is due to catalase 


Since the breakdown of hydrogen peroxide may 
be caused by substances other than catalase we 
Granule samples prepared from 12-stroke homo- felt that evidence on this point should be included. 
genates in phosphate saline were incubated at 38°, Samples of granules were prepared in phosphate 


Experiments with isolated granules 
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gline, and homogenized with 300 strokes. As 
Table 5 shows, almost complete inhibitions of 
catalase were obtained by heating, exposure to 1% 
sulphuric acid, and by the action of 0-1 mm- 
sodium azide or hydroxylamine. 


Catalase activity (arbitrary units/mg. of N 


2 0 

Time (hr.) 

Fig. 2. Catalase liberation from liver large-granule sus- 
pensions incubated at 38° in 0-25m-sucrose. A, Total 
catalase; O, granule catalase; @, supernatant catalase. 
(A) In the presence of the soluble components of the 
liver. (B) After centrifuging and resuspending in fresh 
sucrose. 





Catalase activity (arbitrary units/mg. of N) 


3 


1 2 
Time (hr.) 
Fig. 3. Effect of temperature of incubation on catalase 
liberation from ‘liver large granules in 0-25M-sucrose. 
Nuclei were separated by a preliminary centrifuging, but 
the granules were not resuspended. A, Total catalase; 
O, granule catalase; @, supernatant catalase. 
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DISCUSSION 


During incubation, the total catalase activity of 
liver slices remained constant, but catalase was 
transferred from the granules to the EPC. Iso- 
lated granules also liberated catalase into the 
surrounding medium when incubated at 38° in 
0-25 m-sucrose, the results closely resembling those 
obtained during incubation of slices. When the 
granules were incubated in sucrose at 20° the 
catalase liberation was greatly reduced. Adams & 
Berry (1956) also observed that only small amounts 
of catalase appeared in the medium when slices 
were incubated at 20°. The liberation of catalase in 


Table 4. Granule counts after incubation at 38° in 
0-25 m-sucrose, together with corresponding catalase 
activities (averaged) 


Both granule numbers and catalase activities are given/ 
mg. of N. Nuclei were separated by a preliminary spin. 


Time of incubation (hr.) 0 1 2 + 


Granules after centrifuging and 
resuspending in fresh sucrose soln. 
320 215 170 


Granule catalase 105 


(averaged) 
164 212 


Supernatant catalase 62 256 


(averaged) 


Granule numbers 
( x 10-7) 


346 
234 
274 


300 
211 
258 


346 
235 
269 


305 

226 

281 
Granules in liver supernatant containing 0-25M-sucrose 

Granule catalase 350 160 150 145 

Supernatant catalase 64 250 255 255 

Granule numbers 351 351 384 375 
( x 10-7) 


Table 5. Inhibition of granule catalase by 
heat and by various agents 


Except where otherwise stated the experiments were 
done at room temperature (20°) and the inhibitors were 
allowed to act for 2-5 min. Catalase activities are expressed 
in arbitary units/mg. of N. 


(a) Heating to 100° for 2 min. 
Inhibition 
Control Treated (%) 
200 1 99 
185 ] 99 
(6) Inhibitor 
Concentration 
—— A ——. Inhibition 
0 1% 0-lm (%) 
Sulphuric acid 1 — 99 
2 —— 99 
Sodium azide — 98 
_ e 98 


Hydroxylamine a d 98 
95 
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sucrose solutions seems to agree with some results 
of Greenfield & Price (1956), who stated that 
during the preparations of samples of mitochondrial 
catalase some enzyme was ‘eluted’ from the 
particles by the sucrose solutions used. 

During the incubation of granule suspensions in 
sucrose no diminution in the number of granules 
present could be seen, and their microscopical 
appearance was unchanged, even after 4 hr. This 
was also true for granule suspensions made from 
slices incubated for 2 hr., although after 4 hr. the 
granules were difficult to count and the number 
present was apparently reduced. Since, however, 
the catalase transfer occurred mainly in the first 
2hr. there was no correlation with granule dis- 
appearance. The results given in Table 2 also 
suggest that after incubation for 2 hr. the same 
number of granules was present, but with less 
catalase in each. 

It is also quite clear that no catalase was liber- 
ated from granules prepared and incubated in the 
phosphate saline medium. This suggests that the 
ionic balance of the surrounding medium is of con- 
siderable importance in regulating catalase transfer. 
Further, there seems no obvious reason why 
granules should lyse or suffer membrane damage 
within incubated slices, or during incubation in 
sucrose solution, but not when incubated in phos- 
phate saline. The constant low catalase activity 
shown by unbroken granules from incubated slices 
(Fig. 1) also suggested that incubation did not 
cause a general damage to the membrane. 

It seems reasonable to conclude that under 
certain conditions the membranes of liver large 
granules are permeable to catalase. 
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SUMMARY 


1. During incubation of liver slices at 38° ip 
phosphate saline, catalase disappears from the 
large granules and an equal amount appears in the 
extra particulate cytoplasm. 

2. When granule preparations are incubated in 
phosphate saline no catalase is liberated. Incuba. 
tion in 0:25m-sucrose results in a _ transfer of 
catalase to the medium. 

3. No evidence has been found that the granule 
become lysed or more fragile during incubation, 

4. It is concluded that during incubation of 
liver slices in phosphate saline, catalase migrates 
from the large granules into the extra particulate 
cytoplasm, probably through the intact granule 
membrane, and that a similar process occurs when 
isolated granules are incubated in 0-25 M-sucrose, 
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The Uptake of Vitamin B,, by Rat-Liver Slices 
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This work has been carried out as an extension of 
our observations with isolated rat intestine in 
which we have shown there are two systems for the 
uptake of vitamin B,,. One of these is highly 
specific, and the other shows competition with 
pseudovitamin B,, (Latner & Raine, 1958). In the 
hope that studies of other tissues might shed light 
on the mechanism of uptake of vitamin B,., we 
have extended our observations to liver slices. 
Liver seemed appropriate in view of the facts that 


it is the main store of body vitamin B,, and em- 
bryologically it is developed from the foregut and 
might therefore retain a mechanism of uptake 
which is similar to that in the intestine. Such 
slices could be studied without intrinsic factor being 
present, a state of affairs impossible with isolated 
small intestine from normal animals. 

While this work was in progress it was reported 
that a pig intrinsic-factor preparation had it- 
creased the uptake of vitamin B,, by rat-liver slices 
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(Miller, Raney & Hunter, 1957); we have therefore 
extended our own studies to include observations 
on the effect of such a preparation. 


MATERIALS AND METHODS 


Animals. Black-and-white rats of the Scott—Russ strain 
yere used. The animals were starved overnight before an 
experiment. Each animal was killed by a blow on the 
head, and the liver rapidly removed and cut into small 
blocks. 

Radioactive vitamin B,, and pseudovitamin B,,. Radio- 
active vitamin B,,, containing a mixture of **Co and *’Co, 
was dissolved in oxygenated Krebs phosphate buffer at 
pH 7-4 (Umbreit, Burris & Stauffer, 1949) to give the 
required concentration. Pseudovitamin B,, was dissolved 
at various concentrations in the radioactive vitamin solu- 
tion and the mixture of the vitamin and its analogue was 
ued in the test flask. In the control flask there was the 
buffered solution of the radioactive vitamin. 

Intrinsic factor. The intrinsic-factor preparation used 
was a concentrate obtained by ion-exchange procedures 
from freeze-dried pig pyloric mucosa (Latner & Merrills, 
1957). In patients with pernicious anaemia an oral dose of 
2mg., given at the same time as 0-5yg. of radioactive 
vitamin B,,., brought about the intestinal absorption of 
0-25 yg. of the vitamin. 

Counting procedure. This was identical with that already 
described (Latner & Raine, 1958). The results were obtained 
as counts/min./mg. dry wt. of tissue and converted into 
umg./g. dry wt. of tissue by comparison with the counts 
obtained with a standard radioactive cyanocobalamin 
solution. 

Tissue preparation 


Thin slices of fresh liver, approx. 0-25 mm. in thickness, 
were cut by hand with a mounted narrow razor blade. The 
blocks of liver were held between ground Perspex sheets 
while the slices were cut. Two to four slices of liver (0-2- 
05g. of fresh tissue) were incubated in 5 ml. of Krebs 
phosphate buffer contained in 50 ml. conical flasks, which 
were shaken throughout the experiment. The buffer was 
gassed with O, before use and O, was passed over the 
medium during the experiment. The appropriate amounts 
of vitamin B,, and pseudovitamin B,,, where necessary, 
had been added to the solution in the flasks before addition 
of the liver slices. The slices were incubated at 37° for 
30 min. 

At the end of the incubation the slices were removed and 
rapidly washed in three lots of buffer; no radioactivity was 
detected in the final washing. They were then lightly 
pressed between sheets of filter paper (Whatman no. 42), 
dropped into weighed bottles, dried at 110° for 16 hr. and 
weighed. The dried slices were dissolved in conc. H,SO,, 
the volume of the solution was made up to 10 ml. with 
water and the radioactivity was measured. 

In one group of observations, radioactive vitamin B,,was 
added in varying amounts to the oxygenated buffer. This 
allowed us to study uptake over the range of vitamin con- 
centration 0-5-25-0umg./ml., in a control series, and to 
compare this with the uptake in a test series, in which 
varying concentrations of pseudovitamin B,, were also 
present. Additional studies were made of the effect of 
adding the intrinsic-factor preparation to varying concen- 
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trations of radioactive vitamin B,, as well as to a mixture of 
the vitamin and the pseudovitamin. In each case the liver 
slices were added just before incubation. 


Binding of vitamin B,, by intrinsic factor 

The binding of vitamin B,, by intrinsic factor was deter- 
mined by ultrafiltration (Raine, 1955; Gregory & Holds- 
worth, 1956). Solutions in saline of the intrinsic factor at a 
concentration of 10yg./ml. and radioactive vitamin at 
varying concentrations were ultrafiltered and the radio- 
activity of the ultrafiltrate was determined. By subtracting 
this value in each instance from that of the original solu- 
tion, the degree of binding of vitamin B,, was obtained. 
Observations were also made with pseudovitamin B,, when 
the concentration of the vitamin was 5ymg./ml., the 
pseudovitamin being present in a concentration of 500 umg./ 
ml. The intrinsic-factor concentrate was added to the 
mixture. 


RESULTS 


Uptake of vitamin B,, alone. Fig. 1 shows the 
uptake of vitamin B,, by liver slices in the presence 
of four different concentrations of the vitamin. The 
uptake by the liver proved to be proportional to the 
initial concentration of cyanocobalamin. 

Uptake of vitamin By» in the presence of pseudo- 
vitamin B,. A concentration of vitamin B,, of 
5 umg./ml. was used and pseudovitamin B,, was 
added so that its concentration was either 50 or 
500 wmg./ml. The results are shown in Table 1. 
Comparison with the controls with vitamin B,, 
alone (see Fig. 1) shows that the pseudovitamin By, 
did not depress the uptake of the vitamin by liver 
slices. 

Effect of intrinsic factor on the uptake of vitamin 
B,,. The results are shown in Table 2. It will be 
seen by comparison with the results in Fig. 1 that 
the intrinsic-factor concentrate increased the 
uptake only when the initial concentration of the 
vitamin was 5 y~mg./ml. The individual results at 
this concentration are shown in Fig. 2. The mean 
uptake of vitamin in the presence of intrinsic factor 
was significantly raised (18 observations; ¢ 4-02; 
P 0-001). 


100 
80 


60 
40 


Biz (umg./g.) 


20 


Uptake of vitamin 





0 5 10. 15. 20. + 25 
Concn. of vitamin By2 (umg./ml.) 

Fig. 1. Mean uptake of vitamin B,, by rat-liver slices at 
different concentrations. Reading from left to right, the 
number of observations at each concentration were 4, 1, 
12 and 2 respectively. 
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Table 1. Uptake of vitamin B,, by liver slices in 
the presence of pseudovitamin By» 


Concn. of vitamin B,,: 5umg./ml.; lumg. of B,, gave 
8500 counts/min. 


Conen. of Uptake of 
pseudovitamin B,, vitamin B,, 
(umg./ml.) (umg./g-) 

50 at 

20-2 

15-8 
23-3 
17-8 
18-2 
19-9 
22-1 


- Mean: 18-1 


J 
| Mean: 19-5 
J 


Table 2. Uptake of vitamin B,, by liver slices in the 
presence of intrinsic factor (10 pg./ml.) 


1 umg. of B,, gave 8500 counts/min. 


Conen. of Mean uptake 
vitamin B,, No. of of vitamin B,, 
(umg./ml.) observations (umg./g.) 
0-5 3-5 
2-5 9-4 
5-0 j 27-9 
25-0 106 
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Fig. 2. Individual results of uptake by liver slices when the 
vitamin B,, concentration was 5 umg./ml., in the presence 
of vitamin B,, alone (@) and when intrinsic factor 
(10 ng./ml.) was also added (0). 
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Effect of intrinsic factor on the uptake of vitamin 
By, in the presence of pseudovitamin By. Fow 
observations were made and a mean uptake of 
19-06 umg. of vitamin B,,/g. dry wt. of liver was 
obtained. The total uptake was now of the same 
order as that with vitamin B,, alone (Fig. 1). 

Binding of vitamin B,, by intrinsic factor. The 
results are shown in Fig. 3. It will be seen that with 
increasing concentration of vitamin By, increasing 
amounts are bound. There is a tendency towards a 
plateau level of binding. The addition of pseudo. 
vitamin B,, has depressed binding of the vitamin, 


DISCUSSION 


Our results indicate that the uptake of vitamin B,, 
by rat-liver slices is proportional to the initial 
concentration of the vitamin in the outside medium 
within the range 0-5—25 wmg./ml. With an initial 
concentration of 5yumg./ml. the uptake by liver 
slices was of the same order as that observed with 
isolated intestine under identical conditions 
(Latner & Raine, 1958). 

In contrast to its behaviour with isolated in. 
testine, pseudovitamin B,, does not depress the 
uptake by liver slices, even when present at a 
concentration 100 times that of the vitamin. This 
must mean that the system for the uptake of 
vitamin B,, in the liver is highly specific. 


8-0 


Vitamin By2 bound (ymg./ml.) 
> a 
° So 


nd 
So 


5 10 15 20 25 
Conen. of vitamin By2 (~mg./ml.) 

Fig. 3. Vitamin B,,-binding by intrinsic factor in the 
presence of vitamin B,, alone (@) and in the presence of 
pseudovitamin B,.(O). Reading from left to right, with 
vitamin B,, alone, the number of observations at each 
concentration were 2, 1, 6 and 2 respectively. The figure 
in the presence of pseudovitamin B,, represents a mean 
of three observations. 
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There is no doubt that the intrinsic-factor pre- 
paration increased the uptake when the vitamin 
was present at an initial concentration of 5 umg./ 
ml. These results confirm previous observations 
(Miller et al. 1957). The addition of pseudovitamin 
By, however, abolished the intrinsic-factor effect. 
This finding was entirely unexpected since we have 
already demonstrated that the system for uptake 
of vitamin B,, is highly specific. Analysis of the 
results, however, demonstrates that the abolition 
effect is more apparent than real. The intrinsic- 
factor preparation binds vitamin B,, and so lowers 
the concentration of the free vitamin in the buffer 
medium. The uptake from the free-vitamin solution 
by the liver would therefore be lower than antici- 
pated from the initial concentration of the vitamin. 
This also means that the intrinsic-factor effect we 
have demonstrated is greater than at first apparent. 
In Fig. 1, the uptake of vitamin B,, by the liver is 
plotted against initial concentration in the buffer 
medium to which vitamin B,, alone has been added. 
From this it is possible to determine how much of 
the uptake in the experiments with intrinsic factor 
is due to the actual concentration of the free 
vitamin, that is the total concentration minus the 
amount bound by the concentrate. Subtracting 
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0 2-0 40 60 8-0 
Vitamin By2 bound (zmg./ml.) 

Fig. 4. The calculated vitamin B,,-uptake by liver slices 
associated with binding by the intrinsic-factor prepara- 
tion. @, Vitamin B,, alone; O, with the addition of 
pseudovitamin B,,. Points shown correspond to those 
in Fig. 3. 
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this uptake figure from the observed total uptake 
(Table 2) gives a figure which can be regarded as 
the uptake of the vitamin due to the intrinsic- 
factor concentrate. This can be related to the 
amount of vitamin B,, bound by the intrinsic- 
factor concentrate, and proves to be proportional 
to the amount of binding (Fig. 4). 

Pseudovitamin B,, decreased the amount of 
vitamin B,, bound by the intrinsic-factor concen- 
trate, but stimulation of uptake of vitamin B,, into 
liver slices by intrinsic factor bore the same re- 
lationship to the amount of vitamin bound. In 
other words, pseudovitamin B,, has inhibited the 
uptake of vitamin B,, by liver slices in the presence 
of the intrinsic-factor preparation because it has 
depressed the amount of binding. This has resulted 
in a total uptake not significantly different from 
that with vitamin B,, alone. 


SUMMARY 


1. The uptake of vitamin B,, by rat-liver slices 
was proportional to the concentration of the 
vitamin in the surrounding medium over the range 
0-5—25 umg./ml. 

2. The uptake was highly specific and was not 
depressed by pseudovitamin B,,. 

3. A pig intrinsic-factor preparation significantly 
increased the uptake when the concentration of the 
vitamin in the outside medium was 5 uymg./ml. The 
effect was not so marked at other concentrations. 

4, The uptake due to the intrinsic-factor pre- 
paration was proportional to the amount of 
vitamin B,, which it bound. 


We wish to thank Dr J. J. Pfiffner of the Research 
Department of Parke, Davis and Co. Ltd. for a supply of 
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The Activation of Staphylococcal Free Coagulase by Plasma Constituents 
and the Hydrolysis of N*-Toluene-p-Sulphonyl-L-Arginine 
Methyl Ester (TAME) by Activated Coagulase 
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Department of Pathology, Royal South Hants Hospital, Southampton, and the Department of Physiology, 
Southampton University 


(Received 15 July 1958) 


Staphylococcal coagulase, first described by Loeb 
(1903), was shown by Smith & Hale (1944) to 
bring about the coagulation of fibrinogen only in 
the presence of a third factor, found in the plasma 
of certain animals (Duthie & Lorenz, 1952). This 
third factor was originally called coagulase acti- 
vator by Smith & Hale, but Tager (1948) objected 
to the use of this term on the grounds that the 
word activator implied an unproven kinase-like 
action on coagulase, and called the substance 
coagulase-reacting factor. Miale (1949) referred to 
the same substance as coagulase globulin and called 
the active product coagulase thrombin. The actual 
identity of the factor and its relation to the known 
components of the physiological blood-clotting 
mechanism has remained in doubt since it was first 
described. 

All preparations of human prothrombin so far 
examined have contained coagulase activator and 
it has been suggested that the two may be identical 
(Tager, 1956a; Duthie & Lorenz, 1952). However, 
Tager (1956a) has obtained from human plasma a 
preparation of coagulase activator which was free 
from prothrombin activity and which had electro- 
phoretic and sedimentation properties different 
from those of purified prothrombin. 

Little is known of the nature of the reaction 
between coagulase and coagulase activator which 
produces an active fibrinogen-clotting material. 
It has been reported that when the two materials 
are incubated together, there is a progressive 
increase in the clotting activity of the mixture 
(Smith & Hale, 1944; Duthie & Lorenz, 1952), but 
the reaction has not been studied in detail. It is 
the purpose of this paper to describe an investiga- 
tion of the kinetics of this reaction, and to demon- 
strate that the active fibrinogen-clotting product 
(here called activated coagulase) resembles human 
thrombin in certain respects. 

Sherry & Troll (1954) have shown that the 
synthetic substrate N*%-toluene-p-sulphonyl-t- 
arginine methyl ester is hydrolysed by human 
thrombin. They stated that the compound com- 
petitively inhibited the clotting of fibrinogen by 
thrombin, and from this they deduced that the 


same active site was involved in both reactions. The 
present studies show that activated coagulase 
reacts in a similar manner. 


MATERIALS AND METHODS 


Coagulase. An electrophoretically homogeneous sample 
prepared from cultures of Staphylococcus aureus strain 
Newman (N.C.T.C. 8178), which had a specific activity of 
430 units/mg. of protein, was used in the clotting experi- 
ments. This preparation, at a concentration of 75 wyg./ml., 
clotted human citrated plasma in 24 hr. at 37° (Duthie & 
Haughton, 1958). A second preparation having a specific 
activity of 220 units/mg. of protein was used in the N*. 
toluene-p-sulphonyl-L-arginine methyl ester (TAME) 
hydrolysis experiments. 

Coagulase activator. Prothrombin prepared from human 
citrated plasma by the method described by Biggs & 
Macfarlane (1957) was a good source of coagulase activator 
and was used as such. This preparation contained at least 
four electrophoretic components when examined in the 
Perkins—Elmer Tiselius apparatus at pH 6-8 in Na,HPO,- 
citric acid buffer, J 0-1. 

Bovine fibrinogen. Bovine plasma fraction I, supplied by 
Armour Ltd., Hampden Park, Eastbourne, Sussex, was 
dissolved in 0-9% NaCl soln. and used at a concentration of 
0-4%. 

Human fibrinogen. Freeze-dried preparations prepared 
by ether-fractionation of time-expired human plasma 
(Kekwick & Mackay, 1954) were obtained from the Blood 
Products Laboratory, Lister Institute, Elstree, Herts. 

Plasminogen. This was prepared by the method of 
Milstone (1941) from human citrated plasma. 

Streptokinase. This was supplied by the Lederle Labora- 
tories Division of the American Cyanamid Co., New York, 
U.S.A. 

Soya-bean trypsin inhibitor. This was obtained from 
the Nutritional Biochemicals Corp., Cleveland, Ohio, 
U.S.A. 

N*-toluene-p-sulphonyl-L-arginine methyl ester. TAME 
was prepared by Dr I. Campbell of the Department of 
Chemistry, Southampton University after the method 
given by Bergmann, Fruton & Pollok (1939) and Troll, 
Sherry & Wachman (1954). 

Buffers. All dilutions of coagulase and coagulase acti- 
vator were made in 0-07M-Na,HPO,-KH,PO, buffer, 
pH 6-8 (Clark, 1928), in the clotting experiments. 2-Amino- 
2-hydroxymethylpropane-1:3-diol (tris; 0-02m, pH 8°) 
was used in the TAME hydrolysis experiments. 
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Coagulase assay. Coagulase was assayed by the method 
already described (Duthie & Haughton, 1958). 

Coagulase activator assay. Coagulase activator was 
measured as follows: 0-2 ml. of human fibrinogen (0-3%), 
1 ml. of suitable dilutions of the coagulase activator and 
one drop of 6% (w/v) Filter-Cel (Johns Manville, Artillery 
Row, London) were placed in small tubes (5 cm. x 0-8 cm.) 
and warmed to 37°. Coagulase (0-2 ml. containing 2 units/ 
ml.) was added to each tube in turn and the tube was 
tapped slowly, while viewed against a dark background, 
until clumping of the particles was seen. The clotting time 
was measured and referred to the curve given by dilutions 
of fresh normal human plasma, which was assigned the 
arbitrary value of 200 units/ml. 

Activated coagulase assay. A mixture consisting of 2 ml. 
of coagulase (24 units/ml.) and 2 ml. of coagulase activator 
(40 units/ml.) was incubated at 37° for 30 min., after 
which period the clotting activity remained relatively 
stable (see Results section). Dilutions of this mixture were 
made in 0-07m-phosphate buffer, pH 6-8, and 0-2 ml. 
amounts immediately added to equal volumes of 0-4% 
bovine fibrinogen previously warmed to 37°. The straight 
line obtained when the reciprocal of the concentration was 
plotted against the clotting time is shown in Fig. 1 and 
corresponds to the equation 7'-6=K/z, where T' is the 
clotting time in seconds, x is the concentration of activated 
coagulase and XK is a constant. One unit of activated 
coagulase was defined as the amount present in 1 ml. of 
(-07mM-phosphate, pH 6-8, which when added to an equal 
volume of 0-4 % bovine fibrinogen in 0-9% NaCl soln. at 37° 
caused a clot in 20sec. The equation now becomes 
7 -6=14/x*, where x* is the activated coagulase concen- 
tration in units/ml. 

Measurement of hydrolysis of N*-toluene-p-sulphonyl-t- 
arginine methyl ester. TAME hydrolysis was measured by an 
electrometric formol-titration method. In all experiments, 
except when otherwise stated, the following conditions 
were used. Tubes containing 2ml. of 0-025mM-TAME 
buffered with tris (002m, pH 8-5) were brought to 37°. 


60 


Clotting time (sec.) 


0 1 2 3 4 
Activated-coagulase dilution [1/(units/ml.)] 


Fig. 1. Dilution curve of activated coagulase. Activated 
coagulase (0-2 ml.) was added to 0-2 ml. of 0-4% bovine 
fibrinogen previously warmed to 37° and the clotting time 
was measured. 
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Enzyme (0-5 ml.) was added, and samples (1 ml.) were 
taken immediately and after the required incubation period 
and added to an equal volume of 40% (w/v) formaldehyde 
soln. in tubes measuring 5-0 cm. x 1-8 cm. The formolized 
samples were titrated against 0-01N-NaOH, a Pye Master 
pH meter being used to follow the titration and the mixture 
being stirred continuously by a slow stream of oxygen. 
Results were expressed as pmoles of acid liberated/ml. of 
mixture/min., by comparison of the initial and final titra- 
tion curves. 


RESULTS 


Nature of the reaction between coagulase 
and coagulase activator 


Preliminary experiments showed that when acti- 
vator was added to free coagulase and incubated 
at 37°, the clotting activity of the mixture at first 
increased and then declined. This indicated that 
the active clotting material formed (here called 
activated coagulase) was unstable at this temper- 
ature. The reaction was studied by incubating 
mixtures containing varying proportions of co- 
agulase and activator in 0-07Mm-phosphate buffer, 
pH 6-8, and periodically measuring the concentra- 
tion of activated coagulase present in the mixtures. 
At intervals three samples were taken from each 
tube; an equal volume of buffer or coagulase or 
activator was added, the sample mixtures were 
incubated for a further 10-15 min. and the acti- 
vated coagulase present was measured. This test 
was designed to provide information on the 
relative concentrations of coagulase and activator 
present in the mixture at a given time. (i) If 
coagulase were present in great excess, the addition 
of further coagulase would not be expected to lead 
to an immediate increase in the concentration of 
activated coagulase present and the effect of adding 
free coagulase would then be similar to that of 
adding buffer. The addition of activator to a 
mixture containing an excess of free coagulase, 
however, would be expected to lead to a rapid 
increase in the concentration of activated coagu- 
lase. (ii) If a large excess of activator were present, 
the results expected would be the reverse of the 
above. 

Measurements made during the course of one 
typical experiment are presented in Table 1. It is 
clear that after incubation for 6 hr. the reaction 
mixture contained an excess of free coagulase, 
since the addition of more activator resulted in a 
sharp increase in the concentration of activated 
coagulase present, whereas addition of more free 
coagulase resulted in a decrease. After incubation 
for 70 hr., however, the addition of activator to the 
mixture resulted in a decrease in the concentration 
of activated coagulase. This decrease was similar to 
the fall seen when the mixture was diluted with an 
equal volume of buffer. When free coagulase was 
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added at this stage, there was a sharp rise in the 
concentration of activated coagulase present. Thus 
one may conclude that there was progressive 
destruction of free coagulase in the incubation 
mixture, and that some activator was still present 
in the mixture after all the free coagulase had been 
destroyed. This destruction was not due to plasmin 
present in the activator preparation, since it was 
found that the course of the reaction was not 
modified by the addition of soya-bean trypsin 
inhibitor to a final concentration of 200 yg./ml. 
This material is a potent inhibitor of plasmin 
(Grob, 1949). 

Two series of experiments were then performed. 
In the first (Table 2), falling concentrations of 
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coagulase were incubated at 37° with constant 
amounts of activator. In the second series (Table 3), 
falling concentrations of activator were incubated 
with constant amounts of coagulase. It can ly 
seen that in all cases there was an initial increase jn 
the concentration of activated coagulase in the 
mixtures, followed by a decrease. The time taken 
before the beginning of the decrease is a measure of 
the time taken for completion of the reaction, and 
it was found that this was prolonged as either the 
initial activator concentration decreased, or the 
initial coagulase concentration increased. 

After incubation for 70 hr., the mixtures repre. 
sented in Table 2 were divided into three equal 
parts. To one was added an equal volume of 


Table 1. Concentration of activated coagulase in a mixture 


The mixture contained free coagulase (50 units/ml.) and coagulase activator (40 units/ml.) in 0-07 m-Na,HPO,-KH,P0, 
buffer, pH 6-8 (Clark, 1928), as a function of incubation time at 37°. 


Concn. of activated coagulase (units/ml.) 


Conen. of 
activated 
coagulase 
in mixture 
(units/ml.) 
70 
0-3 


Incubation 
time of 
mixture 

(hr.) 
6-0 
70-0 


Coagulase 
(50 units/ml.) 


10 min. after the addition of a sample of 


the mixture to an equal volume of 


Activator 
(80 units/ml.) 
11-5* 

0-2 


— “> 

Phosphate 

buffer, pH 6-8 
3-5* 


0-2 


3-5* 
3-5 


* Activated coagulase concentrations in these three mixtures after a further incubation for 15-5 hr. at 37° were 3:5, 13 


and 3-3 units/ml. (columns 3-5 respectively). 


Table 2. Formation and destruction of activated 


coagulase in mixtures containing a constant amount 


of activator and varying amounts of free coagulase 


Values given are for the concentration of activated coagulase (units/ml.). 


Incubation 
time of 
mixture 


ia 


= 
& 


48 


20 sec. 5 
5 min. 
15 min. 
2-5 hr. 
21 hr. 
31-5 hr. 
46-5 hr. 
70 hr. 
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Table 3. Formation and destruction of activated 


Conen. of coagulase (units/ml.) added to an equal volume of activator (80 units/ml.) 
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0-28 
0-35 
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0-28 
0-04 
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coagulase in mixtures containing a constant amount 


of free coagulase and varying amounts of activator 


Values given are for concentration of activated coagulase (units/ml.). 


Conen. of activator (units/ml.) added to an equal 


Time of 
incubation 
of mixture 


27 


~ 


~1 < 


20 sec. 
5 min. 
20 min. 
2-5 hr. 
18 hr. 
28-5 hr. 
43-5 hr. 
67 hr. 
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noe 


volume 


of coagulase (24 units/ml.) 


10 
0-54 
0-52 
0-56 
0-54 
0-52 
0-60 
0-9 
0-56 


20 
0-9 
0-9 
1-1 
1-2 
1-6 
1-7 
0-67 
0-2 
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buffer, to the second an equal volume of activator 
(80 units/ml.) and to the third an equal volume of 
coagulase (24 units/ml.). The mixtures were incu- 
pated at 37° for 10min. and the activated co- 
agulase concentration was measured. The results 
obtained are given in Table 4. 

It was found that the addition of activator or 
buffer caused no increase in activated coagulase 
concentration, whereas a sharp rise occurred when 
coagulase was added; the same amount of activity 
developed in each tube. It should be noted that 
64 times as much coagulase had been destroyed in 
the first tube of the series as in the last. Further- 
more, when an equal volume of coagulase (24 units/ 
ml.) was added to a fresh sample of activator 
(40 units/ml.) it was found that the same concen- 
tration of activated coagulase was formed in this 
mixture as in each of the other tubes. This experi- 
ment was repeated with three different batches of 
coagulase and three different preparations of 
activator. A similar result was obtained in each 
case. It was concluded that when coagulase and 
activator are incubated together the coagulase is 
destroyed, whereas the activator is present at the 
end of the reaction in unreduced concentration. 

Samples were also taken from the mixtures 
represented in Table 3 after incubation for 30 and 
69hr. Equal volumes of coagulase (24 units/ml.), 
activator (80 units/ml.) or buffer were added and 
the tubes incubated for a further 10 min. at 37°. 
Activated coagulase was then assayed in each. The 
results, which are given in Table 5, provide further 
evidence of progressive destruction of free coagu- 
lage during the reaction. After incubation for 
30hr., the first four tubes of the series contained 
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excess of activator and the last four contained 
excess of free coagulase. However, after incuba- 
tion for 69 hr. only the last two tubes contained an 


excess of free coagulase and all the others contained 
excess of activator. 


Effect of pH on the activation of free coagulase 


Solutions of free coagulase (1 unit/ml.) and 
activator (8 units/ml.), in 0-07 mM-KH,PO,-Na,HPO, 
buffer, were adjusted to the required pH with 
0-2Nn-NaOH or -HCl and mixed in equal volumes. 
The mixtures were incubated at 37° for 30 min. and 


0-75 


° 
uw 


Activated coagulase (units/ml.) 


7-0 75 8-0 
pH 
Fig. 2. Effect of pH on the activation of free coagulase in 
0-07m-KH,PO,-Na,HPO, buffer. The conditions were as 


described in the text. 
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Table 4. Activated coagulase formed in the mixtures detailed in Table 2 when free coagulase 


or activator is added 


after 70 hr. at 37° 


Values given are for the concentration of activated coagulase (units/ml.) 10 min. after addition of test substances. 


Substance added to an 
equal vol. of the mixture 
after incubation 
for 70 hr. 
Buffer 
Activator (80 units/ml.) 
Coagulase (24 units/ml.) 


96 
0-19 
0-20 
3°5 


48 
0-13 
0-14 
2-8 


24 
0-06 
0-06 
2:8 


Conen. of coagulase (units/ml.) initially added to an 
equal volume of activator (80 units/ml.) (see Table 2) 


Control: 
fresh activator 
(40 units/ml.) 
0-03 
0-03 

2-8 


oneness 
12 
0-03 
0-03 
28 


15 
0-03 
0-03 
28 


3 
0-03 
0-03 
2-8 


6 
0-03 
0-03 
28 


Table 5. Activated coagulase formed in the mixtures detailed in Table 3 when free coagulase 
or activator is added to samples after 30 and 69 hr. at 37° 


Values given are for concentration of activated coagulase (units/ml.) 10 min. after addition of the test substance. 


Incubation 
time of 
mixture 


(hr.) 
30 


Substance added to an 
equal vol. of the mixture 


cr 


80 40 


Coagulase (24 units/ml.) 2-0 


Activator (80 units/ml.) 

Yoagulase (24 units/ml.) 
Activator (80 units/ml.) 
Buffer 


69 13 


0-28 


0-11 
0-10 


Conen. of activator (units/ml.) initially added to an equal 
volume of coagulase (24 units/ml.) (see Table 3) 


_ a 
5-0 
0-33 
2-3 
0-48 
1-1 
0-28 


6-7 
0-47 
2-0 
0-48 
0-82 
0-35 


13-5 
1-0 
1-7 
0-60 
0-17 
0-14 


10 
0-8 
2-0 
0-56 
0-29 
0-28 
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0-47 
0-9 
0-11 
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the pH was adjusted to 6-8. Activated coagulase 
was then measured and the results were plotted 
against initial pH (Fig. 2). It was found that the 
rate of formation of activated coagulase from free 
coagulase and activator in 0-07M-phosphate buffer 
showed a sharp optimum at pH 6-8. 


Demonstration of esterase activity in 
activated coagulase 


Volumes (2 ml.) of 0-025mM-TAME buffered to 
pH 8-5 with tris were warmed to 37°. To three 
tubes were added: (1) 0-5 ml. of coagulase (12-5 
units/ml.); (2) 0-5ml. of coagulase activator 
(20 units/ml.) and (3) 0-5 ml. of activated coagulase 
prepared by incubating a mixture of equal volumes 
of coagulase (25 units/ml.) and activator (40 units/ 
ml.) for 30 min. at 37°. It was found (Table 6) that 
hydrolysis occurred only in the presence of acti- 
vated coagulase. 

In order to eliminate the possibility that the 
hydrolysis observed might be due to the activation 
of plasminogen in the admittedly impure activator 
preparation, a potent preparation of plasminogen 
(Milstone, 1941) was activated with streptokinase. 
Hydrolysis of TAME by this preparation was 
found to be 25% inhibited by 40 yg. of soya-bean 
trypsin inhibitor/ml. and 75% inhibited by 
400 ng./ml. Activated coagulase, in contrast, was 
not detectably inhibited by 400 yg. of soya-bean 
trypsin inhibitor/ml. (Table 6). 


Influence of pH on the hydrolysis of N*-toluene-p- 
sulphonyl-L-arginine methyl ester by activated 
coagulase 
Because of the low buffering capacity of tris 

below pH 7-5 it was necessary to use a mixed 

buffer for this experiment. The buffer used contained 
0-03M-tris and 0-01M-Na,HPO,-KH,PO, (Clark, 

1928). Mixtures containing 3 ml. of this buffer 

and 1 ml. of 0-1mM-TAME were adjusted to the 

required pH, and divided into two equal parts and 
warmed to 37°. To one set of tubes was added 

0-5 ml. of water and to the other set 0-5 ml. of 

activated coagulase. Samples (1 ml.) were taken 
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immediately from each tube and, after incubation 
for 30 min., were added to equal volumes of 40% 
(w/v) formaldehyde soln. All samples were titrated 
against 0-01N-NaOH and the spontaneous hydro. 
lysis occurring in the control tube was subtracted 
from that occurring in the presence of the enzyme, 
The results obtained over the range pH 5-5-104) 


are shown in Fig. 3. The graph shows a sharp 
optimum at pH 8:5. 


Determination of K,, for the hydrolysis of Na. 
toluene-p-sulphonyl-L-arginine methyl ester by 
activated coagulase 


Reaction velocities were measured over a 50-fold 
range of substrate concentrations. For this series 
of experiments the reaction time (normally 30 min.) 
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Fig. 3. Effect of pH on the rate of hydrolysis of TAME by 
activated coagulase. Experimental conditions were as 
described in the text. 





Table 6. Hydrolysis of N*-toluene-p-sulphonyl-L-arginine methyl ester by activated coagulase 


and by plasmin, and the effect of soya-bean trypsin inhibitor 


Standard conditions were used as described in the text; 


results are expressed as mole of acid liberated/min./ml. of 


mixture. Plasmin consisted of a mixture of equal volumes of streptokinase, 100 000 units/ml., and plasminogen. Activated 
coagulase was a mixture of equal volumes of coagulase (25 units/ml.) and activator (40 units/ml.) maintained at 37° for 


30 min. before use. er. y 
Soya-bean trypsin inhibitor (ug./ml.) 
present in final mixture 
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0-05 





clot 
trat 
02 
add 
dilu 
tior 


1959 
1cubation 
s of 40 % 
e titrated 


18 hydro. 
ibtracted 
» enzyme, 
| 55-100 

a sharp 


3 of Na. 
ester by 


a 50-fold 
his series 
30 min.) 


aa 
10 


TAME by 
3 were as 


in./ml. of 
Activated 
at 37° for 


Vol. 71 


was reduced to 5min. This shortening of the 
reaction time had three advantages: (i) The 
amount of substrate hydrolysed was small compared 
with the initial concentration. (ii) Errors due to 
spontaneous hydrolysis of TAME were reduced. 
(iii) Errors due to instability of activated coagulase 
were reduced. 

The results obtained are presented in Fig. 4 by 
the method of Lineweaver & Burk (1934), and 
correspond to a K,, of 3-3 x 10-°m. Conditions used 
were: 0-015M-tris, pH 8-5+0-05; activated co- 
gulase concentration 3-5 units/ml. (measured at 
pH 6-8); temperature 37°; reaction time 5 min. 


Inhibition by N%-toluene-p-sulphonyl-L-arginine 
methyl ester of the clotting of human plasma by 
coagulase 


TAME was found to be a powerful inhibitor of 
dotting of plasma by coagulase down to a concen- 
tration 10-*m. In the experiment shown in Fig. 5, 
)2ml. amounts of coagulase (0-5 unit/ml.) were 
added to 0-2 ml. amounts of oxalated human plasma 
diluted 1:4 and containing increasing concentra- 
tions of TAME; 0-02 ml. of 6 % (w/v) Filter-Cel was 
added before mixing and the clotting time measured 
asin the coagulase-assay test (Duthie & Haughton, 
1958). By comparing the clotting time with the 
standard coagulase-assay curve, the percentage 
inhibition of coagulase by TAME at each concen- 
tration was measured. The percentage inhibition of 
coagulase, when plotted against the negative 
logarithm of the TAME concentration (Fig. 5), 
gave a straight line. This observation is consistent 
with the view that TAME was acting as a com- 
petitive inhibitor. 

The converse experiment, i.e. the inhibition of 
TAME hydrolysis by fibrinogen, was not possible 
owing to coprecipitation of TAME and fibrinogen 
at the relatively high TAME concentration needed. 


DISCUSSION 
Nature of coagulase activation 


The present study is concerned with the interaction 
of coagulase and the coagulase activator present in 
human plasma, and not with the exact identity of 
the latter. When Smith & Hale (1944) first described 
coagulase activator they suggested that it was a 
kinase converting coagulase into an active material 
which in turn reacted with fibrinogen. In a later 
study (Smith, Hale & Smith, 1947) they proposed 
the alternative hypothesis, i.e. that coagulase is a 
kinase converting activator into the clotting 
material. Tager (19566) went somewhat further by 
suggesting that coagulase acts on prothrombin in 
a manner similar to thrombokinase. No real 
evidence has been advanced for any of these views. 


23 
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Fig. 4. Double reciprocal plot of substrate concentration 
against reaction velocity for the hydrolysis of TAME by 
activated coagulase. Standard conditions were used as 
described in the text. The ordinate values (1/v) are the 
reciprocals of pmoles of acid liberated/min./ml. of 
reaction mixture. The abscissa values (10-?/S) are the 
reciprocals of TAME molarity in the mixtures. 
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Fig. 5. Inhibition by TAME of the clotting of human 
plasma by free coagulase at 37°. Free coagulase (0-2 ml.; 
0-5 unit/ml.) was added to 0-2 ml. of human plasma 
diluted 1:4 in 0-9% NaCl soln. and containing 0-02 ml. 
of 6% (w/v) Filter-Cel and TAME at twice the required 
final concentration. The clotting time was measured and 
inhibition assessed by reference to a standard coagulase- 
dilution curve. 
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We have found that when purified staphylococcal 
free coagulase was mixed with coagulase activator 
(Tables 2 and 3), the fibrinogen-clotting activity of 
the mixtures (i.e. the concentration of activated 
coagulase present) increased to a maximum and 
then fell. The rate at which this maximum was 
reached was then a measure of the time taken to 
exhaust one of the reagents. When the initial 
coagulase concentration was kept constant and the 
activator was varied (Table 3), it was found that the 
maximum clotting activity was reached more 
rapidly the higher the initial activator concentra- 
tion. Conversely when a constant amount of 
activator was incubated with varying amounts of 
coagulase (Table 2), maximum clotting activity 
was reached more rapidly the lower the initial 
concentration of coagulase. Finally, when the 
mixtures had been incubated for about 3 days 
(Tables 4 and 5), those in which the clotting 
activity had passed its maximum, i.e. mixtures in 
which one of the reagents had been exhausted, 
always contained coagulase activator but no 
coagulase. This was demonstrated by a marked 
increase in activity when more coagulase was 
added, whereas the addition of more activator gave 
no increase. Furthermore, when the same amount 
of coagulase was added to each the activated 
coagulase produced reached the same concentra- 
tions in all tubes (Table 4), showing that the same 
amount of activator was still present in all of them, 
although 64 times as much coagulase had been con- 
sumed in the first tube as in the last. 

These results are consistent with the hypothesis 
that coagulase as liberated by staphylococci is 
enzymically altered by coagulase activator, and 
that during this reaction an active fibrinogen- 
clotting material is formed. Our results do not, 
however, provide conclusive evidence that the 
active clotting material obtained is a breakdown 
product of coagulase. There are two possible inter- 
pretations which may be represented as: 


A+C>AC >A4C’, (i) 


where A is activator, C is coagulase, C’ is an in- 
active breakdown product of coagulase and the 
coagulase—activator complex (AC) is the active 
clotting material ; 

A+C+AC+A+C’; C’>D, (ii) 


where C” is the unstable active clotting material 
derived solely from coagulase and D is an inactive 
breakdown product of it. 

These two alternatives are kinetically in- 
distinguishable at present and a final answer to 
this question depends on isolation of the active 
clotting material. It is certain, however, that 
coagulase activator is not permanently altered in 
the reaction and that coagulase is destroyed. It is 
therefore justifiable to regard the reaction as being 
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of an enzymic nature, coagulase being the sub. 
strate and activator the enzyme. Since the acti. 
vator preparation used was not homogeneous, 
coagulase may have been destroyed by some factor 
other than activator. Plasmin, however, was no} 
involved since destruction of coagulase occurred jn 
the presence of soya-bean inhibitor. 


Hydrolysis of N%-toluene-p-sulphonyl-L-arginine 

methyl ester by activated coagulase 

Sherry & Troll (1954) have shown that the 
synthetic amino acid ester TAME is hydrolysed by 
both plasmin and thrombin. In the present study 
it has been shown that a similar hydrolysis is 
brought about by activated coagulase, but not by 
coagulase which has not been activated, a finding 
previously noted by Tager (1956). In addition, 
clotting by both thrombin and activated coagulase 
are inhibited by low concentrations of TAME, all of 
which suggests that they act on fibrinogen in a 
similar manner. More definite evidence, which yet 
remains to be obtained, would depend on showing 
that identical fibrino-peptides (Lorand, 1954) are 
liberated by both coagulants. 

Another similarity between the hydrolysis of 
TAME by thrombin and by activated coagulase is 
the pH optimum. Thrombin was reported as having 
a pH optimum of 8-0 by Ronwin (1957) and of 9-0 by 
Sherry & Troll (1954). We have found that TAME 
is most rapidly hydrolysed by activated coagulase 
at pH 8-5. The Michaelis constants for both reactions 
are also very similar. TAME is shown to inhibit the 
clotting of plasma by free coagulase down to a 
concentration of 10-*m, which may suggest that 
the same active site is involved in both the clotting 
of fibrinogen and in the hydrolysis of TAME. 


SUMMARY 


1. From astudy made of the interaction between 
staphylococcal-free coagulase and the activator 
found in human plasma it appears that coagulase is 
enzymically degraded by coagulase activator. 

2. The active clotting material produced is 
either the enzyme-substrate complex or a de- 
gradation product of coagulase. 

3. In 0-07M-Na,HPO,-KH,PO, at 37°, activa- 
tion of coagulase proceeds most rapidly at pH 68. 

4. Activated coagulase has been shown to 
hydrolyse the synthetic substrate N*%-toluene-p- 
sulphonyl-L-arginine methy] ester. 

5. Hydrolysis of N-toluene-p-sulphonyl-L-argi- 
nine methyl ester occurs most rapidly at pH 85, 
and a Michaelis constant of 3-3 x 10-°m has been 
calculated. 

6. Concentrations of N“-toluene-p-sulphonyl-t- 
arginine methyl ester down to 10-4m have been 
shown to inhibit the clotting of human plasma by 
free coagulase. 
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Peters & Van Slyke (1946) define non-protein 
titrogen as that nitrogen which is not removed 
fom biological fluids by the usual deproteinizing 
gents. The same authors (1932) state (obviously 
vith respect to human blood) that ‘for non-protein 
titrogen tungstic acid and trichloroacetic acid 
flirates yield practically identical results’. We have 
wt found satisfactory confirmation of this state- 
nent in the literature (cf. Folin, 1922). Greenwald 
1915) showed with sheep, ox and pig bloods that 
oth precipitation by 9 vol. of trichloroacetic acid 
15-22:0%) and direct dialysis gave identical 
values for non-protein nitrogen. Folin & Wu (1919, 
i p. 86, table 1) compared the non-protein 
titrogen of human and fowl bloods after depro- 
tinization by trichloroacetic and tungstic acids; 
tungstate filtrates contained appreciably less, the 
lifference being especially marked with fowl blood. 
Hiller & Van Slyke (1922) studied the non-protein 
titrogen of slaughter-house bovine blood (pre- 
viously treated with urease) after deproteinization 
bya variety of precipitants; the values obtained 
were by no means identical. Hunter (1949) has 
indicated the variability of batches of sodium 


* Part 2: Bell (1957c). 


tungstate in their capacity to precipitate blood 
ergothioneine (cf. Benedict & Newton, 1929). 
Puech & Cristol (1929) and Godfried (1939) con- 
sidered that more amino acid nitrogen is present in 
blood filtrates when made with trichloroacetic acid 
than with phosphotungstate. Hunter (1957), in a 
study of the deproteinization of human blood, 
plasma, erythrocytes and tissue fluids by heat 
after appropriate pH adjustment, found that 
parallel treatments with tungstic acid gave 
filtrates with lower non-protein nitrogen values in 
each instance. Christensen & Lynch (1946), 
comparing trichloroacetic acid and tungstate 
filtrates of human plasma and erythrocytes, found 
higher amino acid levels in the former. 

Workers on non-protein nitrogen of fowl blood 
since Folin & Wu (1919) (cf. collated data in 
Shimer, 1937; Herrmann, 1946a,b; Charkey, 
Wilgus, Patton & Gassner, 1950; Hsu & Combs, 
1952; Hazelwood & Lorenz, 1957) appear, with one 
exception, to have examined only tungstate 
filtrates of whole blood; in single instances serum 
and plasma were analysed. The values found cover 
a wide range. Despite the observations of Benedict 
(1915) that non-urie acid chromogens are present 
in fowl blood, uncertainty exists with regard to 
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colorimetric measurements of uric acid (ef. 
Shimer, 1937) by methods which, for mammalian 
blood, have been adversely criticized, e.g. by 
Bulmer, Eagles & Hunter (1925) and by Blauch & 
Koch (1939). 

Apart from microbiological assays of seven free 
amino acids, in young chicks (approx. 500g. 
body weight), which have been made by Charkey 
et al. (1950) and by Richardson, Blaylock & Lyman 
(1953), no information could be found about the 
nature or distribution of the free amino acids in 
fowl blood. The data given by Dunn (1949) relating 
to ‘amino acids’ in fowl blood are in fact the results 
of microbiological analyses of acid-hydrolysed 
whole blood (Dunn, Camien, Malin, Murphy & 
Reiner, 1949). The findings of Melampy (1948) 
indexed as ‘amino acids in fowl erythrocytes’ 
likewise relate to acidic hydrolysates of whole 
erythrocytes. Duchateau & Florkin (1954) an- 
alysed (microbiologically) an acid hydrolysate 
of the smaller molecules dialysed from cock 
plasma. Estimates of total free amino acids of 
erythrocytes and plasma have been made by 
Bock (1917) and of plasma by Salander & Fisher 
(1956). 

We have begun an examination of the non- 
protein nitrogen of fowl blood with two aims: first, 
as a contribution to comparative biochemistry and, 
secondly, as part of a clinical investigation into 
possible changes in the blood chemistry of the 
nephritic bird. We have adopted routine depro- 
teinization by trichloroacetic acid (9 vols.; 10%, 
w/v) since this procedure yields the same values as 
those found in diffusates of heated diluted blood 
(cf. Bell, 1957d for a preliminary account). The 
sources of the non-protein nitrogen of fowl blood 
differ from those of mammalian blood especially in 
the almost negligible contribution afforded in the 
fowl by urea (Bell, 1957c); owing to the relatively 
large mass of the avian kidney, and its possession of 
a renal-portal circulation, the bird may have to be 
in extremis before any effect on the small-molecular 
chemistry of the blood becomes detectable. So far 
we have been unable to correlate alterations in non- 
protein nitrogen with known instances of renal 
dysfunction. 

This paper describes the measurement of total 
non-protein nitrogen, and its partition into 
‘ninhydrin-nitrogen’ and ‘residual nitrogen’, which 
is non-protein nitrogen minus ‘ninhydrin nitrogen’. 
All three values have been obtained for plasma and 
erythrocytes of birds under several different 
physiological conditions. In addition, we have 


determined plasma uric acid levels directly by the 
ultraviolet spectrophotometric uricase method and 
have qualitatively analysed the free amino acids of 
both plasma and erythrocytes of cocks and hens by 
high-voltage paper electrophoresis. 
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EXPERIMENTAL AND RESULTS 


Brown Leghorn fowls, presumed healthy, were allowed fre: 
access to water and food (Bell, 1957a). Starved birds wer 
deprived of food, but not water, for 36 hr. Blood sample 
were taken from the wing vein, at about mid-day; for 
chemical measurements the blood was citrated (about 
2mg./ml.) and for haematocrit determinations it wa 
oxalated (Wintrobe, 1942). Hens were diagnosed as non. 
laying by observing the absence from the plasma of the 
‘lipophosphoprotein complex’ (McIndoe, 1957) and by 
their failure to lay within 10 days after blood sampling. 

Non-protein nitrogen. Citrated whole blood or plasma 
(1 vol.) was added to 10% (w/v) trichloroacetic acid solu. 
tion (9 vol.) and the mixture was shaken and filtered after 
keeping it at room temperature for 15 min. Filtrate 
samples were analysed by the method of Chibnall, Rees & 
Williams (1943), with their CuSO,-Na,Se0,-K,80, 
catalyst (as tablets, 0-25 g., from Thompson and Capper 
Ltd., Liverpool 10). 

Comparison of non-protein nitrogen measurements on 
trichloroacetic acid filtrates with those on diffusates from 
dialysed boiled blood (pH 6-4). Equal volumes of the same 
blood samples were treated (a) by trichloroacetic acid pre. 
cipitation and analysis as above, and (b) by Hunter's 
(1956) method followed by dialysis as follows. A suitable 
piece of cellophan tubing was weighed, washed in water, 
and pressed between filter paper to remove loose water and 
weighed again; the difference, indicating the amount of 
water absorbed by the cellophan, was required for subse- 
quent accurate dilution of the blood. After tying one end 
of the sac, a suitable volume of 0-01 N-acetic acid was intro- 
duced, followed by one-fourth of the volume of blood. The 
sac was then tied at the open end, and immediately in- 
verted to mix the contents and placed in a glass-stoppered 
tube containing a volume of water sufficient to give a blood 
‘dilution’ after dialysis of 1 in 20, taking into account the 
water absorbed by the cellophan. The stoppered glass vessel 
and its contents were then heated in a boiling-water bath 
until the blood proteins were fully coagulated (3-4 min.). 
After removal from the bath the tube was rotated on 
rollers at an angle of about 30° to aid mrxing of the con- 
tents. Samples of the diffusate were taken for analysis 
after 16 hr., experiments having shown that equilibration 
was then complete. These diffusates gave no precipitate 
with trichloroacetic acid. The analytical results are given in 
Table 1. 

Comparison of non-protein nitrogen in whole-blood filtrates 
obtained by four methods of deproteinization. The methods 


Table 1. Comparison of non-protein nitrogen in 
trichloroacetic acid filtrates and diffusates of hen 


blood 
" For details see text. 


Non-protein N (mg./100 ml. of blood) 
A 





Heat-deproteinization 


at pH 6-4 Trichloro- 
Blood = CSCéttic acid 
specimen Undialysed Diffusate filtrate 
1 61, 63 42, 43 42,41 | 
2 63 45, 47, 46, 46 48, 47 
3 84 55, 54, 54, 55 55, 56 
4 o 39, 38 38, 38 
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about 1-0-1-5%) of the spun blood were neglected in the 































rs asabove; (6) 1 in 10 dilution and boiling at pH 6-4 (Hunter, chemical analyses. 
lowed fi 1956); (c) 1 in 20 tungstic acid precipitation (Van Slyke & Non-protein nitrogen analyses of whole blood, plasma and 
a ds me Hawkins, 1928); (d) 1 in 10 metaphosphoric acid precipita- erythrocytes. The analyses were done on whole blood and on 
ae aves tion (Folin & Denis, 1916). From the results (Table 2),and plasma. The values for the erythrocytes were obtained with 
5 an from those of the dialysis experiment, it was decided to help of the erythrocyte volume determined as described 
d y at adopt trichloroacetic acid as the most satisfactory protein above. The results, from birds of different sexes and in 
5 z “y precipitant. physiological states, are given in Table 4. 
i od bicy Erythrocyte volume. This was deduced from the fully Uric acid and urea. Plasma was analysed for uric acid by 
an ‘4 packed cell volume (3200g at 5°), with Bell’s (19576) the method of Dubbs, Davies & Adams (1956). Both 
a . correction of 6% for the proportion of plasma occluded in plasma urea and whole-blood urea gave indistinguishable 
nll Y | the column of erythrocytes. Clarkson & Maizels (1955) and _— results by the method of Bell (1957c). Sex, age, the nutri- 
7 rid Gourley (1957) have, by different methods, assessed the tional state and egg production all affect the uric acid level. 
ei _ occluded fowl plasma at 3-4% and 7-8% respectively. Urea, on the other hand, is not affected by factors which 
te Typical results are given in Table 3. The white cells (vol. influence the plasma uric acid. 
red after 
Filtrate es — —— 
I, Rees& | Table 2. Comparison of whole-blood non-protein nitrogen values found after four methods of deproteinization 
),-K,80 , ‘ 
i Capper For details see text. Each horizontal row of figures represents analyses by the four different methods on an individual 
bird. 
; Non-protein N (mg./100 ml. of blood) found after 
ask P g 
ee deproteinization by method stated 
les from ‘f = A i aa ~, 
the same Age of 9% 
acid pre- birds trichloroacetic Heat Tungstict Metaphosphorict 
Hunter's (years) Sex State acid (pH 6-4)* acid acid 
suitable 2 M Starved 48 hr. 47 58 32 48 
n water, 60 78 36 64 
ater and 65 77 40 61 
1ount of 60 72 2 63 
r subse- 60 51 v2 64 
one end Mean 58-4 67-2 41-4 60-0 
as intzo- ) M Fed 66 89 50 63 
od. The 64 73 5l 65 
itely in- 80 97 49 82 
“oppered 64 62 30 60 
a blood 58 88 54 62 
unt Mean 66-4 81:8 46-8 66-4 
ss vesse 
ter bath 1 F Fed - = 1 a 
4 min,). is a - = 
ated on _ 72 48 _— 
the con- aa 66 53 =e 
analysis ws 62 47 _ 
ibration Sie 63-6 
-cipitate j bate ie a 
oi in * Hunter (1956). + Van Slyke & Hawkins (1928). t Folin & Denis (1916). 
—_ Table 3. Erythrocyte volumes as percentages of whole blood in birds from the same inbred line 
nethods 
= Erythrocyte volume (%) 
i Sex of No. of — > 
yng birds Condition of birds observations Mean Range S.D. 
of hen F Laying, fed 29 25:13 19-0-30-9 2-52 
F Laying, starved 6 30-58 29-5-34-2 2-34 
F Non-laying, fed 12 30-58 28-5-33-3 1-50 
od) F Non-laying, starved 6 30-52 26-6-33-2 2-80 
cates M, F Immature* (10 weeks), fed 10 24-4 22-8-25-7 0-84 
( 
M Fed 6 34-7 29-9-39-0 4-43 
hloro- M Starved 6 38-0 33-3-40-9 3-10 
> “1g * No significant difference in values is found between sexes at this age (10 weeks). 
rate 
aa? | Significant differences between groups of hens: 
47 Fed vs. starved Laying vs. non-laying 
, 56 Laying. D.F.=33 Fed. pD.¥F.=39 


, 38 t=4-85, P<0-01 t=7-01, P<0-01 
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* Ninhydrin nitrogen’ and ‘residual nitrogen’. With slight 
modifications, the method of Yemm & Cocking (1955) was 
satisfactorily applied to trichloroacetic acid filtrates from 
plasma and blood. If it was desired to keep the solution for 
analysis for some time, the pH was first brought to approx. 
5 by dropwise addition of 3M-NaOH followed by aq. 5% 
acetic acid; phenolphthalein and methyl red were used as 
internal indicators. Otherwise the acid filtrate was used 
directly. The filtrate (1 ml.), neutralized or not as required, 
was diluted to a final volume of 5 ml. and of this solution 
1 ml. samples were used for analysis. The reagents and 
conditions were as specified by Yemm & Cocking, except 
that fresh potassium cyanide (A.R.) solution was prepared 
daily and 5M-acetate buffer (Chibnall, Mangan & Rees, 
1958) was used. The reagents were mixed immediately 
before use. Since proline and hydroxyproline were present 
as only minor components of the fluids, absorptions were 
measured only at 570 mp. 

Standards run simultaneously contained 1-4, 2-8 and 
4-2ug. of N/ml. and were prepared from recrystallized 
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glycine dissolved in the appropriate concentration of tri. 
chloroacetic acid. Variations in the concentration of the 
latter did not affect the absorption at 570 mu. 

Corpuscular concentrations of ninhydrin N (NN) wer 
calculated in the same way as the non-protein N concep. 
trations. Residual N (RN) concentrations were found by 
subtracting NN from non-protein N. The concentrations in 
plasma and erythrocytes are given in Table 6. 

High-voliage paper electrophoresis of amino acids, De. 
proteinized filtrates (Hunter, 1956), 1 in 10, were prepared 
from plasma and packed erythrocytes (3 200 g, temp. 5' 
obtained from the bloods of hens and cocks. In order to 
detect amino acids present in small amount the filtrates had 
to be concentrated to one-tenth of their bulk. 

A few modifications of the electrophoretic-separation 
technique (Gross, 1955, 1956) enhanced the degree of 
resolution and reliability of identification of the separated 
acids. The choice of four suitable background electrolyte 
solutions (namely: pH 2-0, 0-75m-formic acid; pH 4%, 
0-2m-sodium acetate adjusted with 0-2m-NaOH; pH 5:2, 


Table 4. Non-protein nitrogen values for whole blood, plasma and erythrocytes of hens (17-24 months) 
from the same inbred line, showing the effect of starvation for 36 hr. on layers and non-layers 


Values for immatures (10 weeks) and fed and starved cocks are included for comparison. 


Non-protein nitrogen (mg./100 ml. of tissue) 
— — A = 





Whole blood Conen. of erythrocyte N 
ae ath 


_— teal = ‘ — 
s.D. Mean Range 8.D. 


2-21 109 73-147 16-4 
2-90 113 99-132 11-0 
4-33 118 87-135 13-0 
2-06 105 93-117 74 
2-78 160 143-188 118 


Concn. of plasma N 
A. 





Condition 
of birds 


Laying, fed 
Laying, starved 
Non-laying, fed 
Non-laying, starved 


Sex and no. 
of observations 

F, 29 

F, 6 

F, 12 

F, 6 

M, 5+F, 5* 


Mean 
17-2 
17-3 
20-0 
19-3 


22-7 


Mean 
40-7 
46-5 
50-1 
45:3 


56-2 


S.D. 
4-53 
5-56 
4-79 
3-30 
5-00 


Range 
12-21 
16-23 
16-27 
18-22 
14-27 


Range 
33-53 
40-56 
39-56 
42-51 
Immature 50-67 
(10 weeks) fed 
Fed 
Starved 


105-125 71 
59-114 17-6 


1-19 114 
1-50 94 


24-29 
20-25 


M, 6 
M, 6 


26-7 
22-0 


57-0 51-61 
49-3 37-58 


* No significant difference in values was found between sexes in immature fowls. 


Significant difference between groups of hens: 

Immature vs, 
non-laying 
Fed. p.¥F.=32 
t=6-09, P<0-01 

=2-75, P<001 


Fed vs. starved Laying vs. 
non-laying 
Fed. D.F. =39 
t=5-86, P<0-01 
t=2-50, P <0-02 


Fed vs. starved 


Laying. D.¥.=33 Non-laying. p.F.=16 
Whole blood non-protein N (%) t=2-73, P<0-01 t=2-17, P<0-05> 0-02 
Plasma non-protein N — _- 


Table 5. Plasma uric acid and urea levels of hens and cocks in various states 


Hens, 
immature 


Fed 


Hens, laying Hens, non-laying 
‘i A we A ~ 


Fed Starved Fed Starved 





Sex and state of birds Fed 


Uric acid (mg./100 ml. of plasma) 


Mean and no. of samples 1-50 (3) 4-38 (9) 2-86 (14) 
Range 0-8-5-3 0-3-2-2 2-9-9-9 0-8-2-1 2-2-6-3 1-1-5:3 
S.D. 1-28 0-76 2-44 0-42 1-33 0-93 


Calc. means for 100 ml. of whole blood 1-7 1-1 3-8 1-0 3-3 1-9 


Urea (mg./100 ml. of blood or plasma*) 


Mean and no. of samples 
Range 
8.D. 


2-27 (15) 1-41 (9) 5-40 (9) 


2-23 (7) 2-80 (10) 2-83 (6) 2-38 2-01 (14) 
1-86-2-6 19-33 2237 1434+ 1-3-2:8 
0-39 0-58 0-20 0-76t 0-5 


* These values for blood and for plasma were the same. + Values from Bell (1957). 


2:50 (8) 
1-8-3°7 
0-21 
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= . = Table 6. Total non-protein nitrogen, ‘ninhydrin nitrogen’ and ‘residual nitrogen’ concentrations (mg./100 ml.) 
F in plasma and erythrocytes from groups of 12 laying, non-laying and immature (6 weeks) hens 

“po. State of birds ou ee ae bes “es ade exe Laying Non-laying Immature 

found by Plasma 

rations in Non-protein N Mean 15-4 18-9 19-4 
Range 12-21 12-23 17-25 

cids. De. S.D. 2-9 2:1 2°3 

) prepared Ninhydrin N Mean 7-8 8-3 9-1 

temp. 5°) Range 5-4-11-6 4-6-11-5 4-0-14:3 

. order ty S.D. 1-6 1-8 2-9 

trates had Residual N Mean 75 11-5 8-2 
Range 2-8-13-4 8-7-15-7 4-0-15-0 

eparation S.D. 3-0 2-2 3-8 

degree of Ratio residual N/ninhydrin N (means) 0-96 1-59 0-90 

oe Erythrocytes 

a 7 Non-protein N Mean 113 105 144 

Be Range 95-139 72-132 133-159 

5 PH 52, 8.D. 14-3 14-6 8-3 

Ninhydrin N Mean 31-9 43-0 50-5 

Range 23-0-40-5 29-8-61-0 40-0-64-0 

se: 8.D. 5-3 93 15 


A Residual N Mean 79 62 93 


Range 66-104 31-80 80-116 
8.D. 12-3 15-2 11-4 
Ratio residual N/ninhydrin N (means) 2-48 1-44 1-84 


Significant differences between layers and non-layers 
Plasma: Non-protein N; p.¥. =22, t=2-611, P<0-02>0-01 
Residual N; v.¥. =22, t=3-161, P<0-01>0-001 
Erythrocytes: Ninhydrin N; p.¥. =22, ¢=2-51, P<0-05> 0-02 
Residual N; p.¥. =22, t=2-704, P <0-02>0-01 





Table 7. Qualitative analysis by high-voltage electrophoresis of the distribution of amino acids 
between erythrocytes and plasma 


The number of plus signs indicate the estimated relative concentrations. A minus sign indicates that the substance in 
question could not be detected; ( + ?) indicates a tentative identification. 


Cock 


— —— \ 


7 c a7 
Compound Cells Plasma Cells Plasma 


Alanine + + ee 
4-Aminobutyrate - + 
Arginine + - + a4 i. 
Aspartate 
Cystine—cysteine 
Glutamate 
Glutamine 
nicest Glycine 
‘tarved Histidine 
Hydroxyproline 
26 (5) Leucine-isoleucine 
[4-27 Lysine 
55 Methionine 
+4 Ornithine 
Proline 
Serine 
Taurine 
Threonine 
Tryptophan 
Tyrosine 
Valine 
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0-05M-citric acid adjusted with aq. 0-05m-NH, soln.; 
pH 9-2, 0-05M-sodium tetraborate) widened the range of 
specific separations. For example, at pH 4-5 4-amino- 
butyrate, glutamate and aspartate are best separated, 
whereas for lysine, arginine and histidine, pH 5-2 is most 
efficient. The positions at pH 2-0 of ornithine, lysine, 
glycine, alanine, leucine-isoleucine (inseparable), trypto- 
phan and taurine are characteristic for these acids, and so 
are the positions of cysteic acid, cystine-cysteine (in- 
separable), taurine, proline, asparagine and serine at 
pH 9-2. To help in sorting out the neutral amino acids, two- 
dimensional electrograms were run first at pH 2-0, and 
dried, then moistened by spraying carefully with borate 
solution of pH 9-2, turned through 90° and finally run at 
pH 9-2 for a suitable period of time. The complete experi- 
ment, involving 20 amino acids, can be done in 80 min., 
when applying a potential gradient of 100v/cm. in 
either direction. By this technique the following acids 
were unambiguously separated and identified: tyrosine, 
phenylalanine, methionine, threonine, serine, leucine—iso- 
leucine and valine. It also showed unmistakably the 
presence of histidine, and confirmed the results obtained by 
unidimensional runs with respect to the other acids. The 
application of the two-dimensional technique was made 
possible by the construction of equipment capable of 
taking filter-paper sheets 20 in. x 12 in., instead of strips 
20 in. x 4 in., which in the past had proved unsatisfactory. 
Unidimensional electrophoresis was carried out under the 
following conditions: at pH 2-0, 150v/cem., 8 ma/em., 12° 
(cooling water), 25 min.; at pH 4-5, 100v/cm., 10 ma/cm., 
12°, 20 min.; at pH 5-2, 80v/cm., 12 ma/em., 14°, 25 min.; 
at pH 9-2, 100v/cm., 10 ma/cm., 12°, 40 min. Whatman 
paper no. 3MM was used throughout, with an applied 
pressure of 1-5 lb./in.*. Where necessary the electrophoretic 
results were checked by paper chromatography, with 
specific reagents in addition to ninhydrin (0-5%, w/v) in 
acetone [acidified with 3% (v/v) acetic acid for alkaline 
electrograms]. Specific reagents used were: the modified 
Sakaguchi reagent (Acher & Crocker, 1952) for arginine; 
Pauly’s reagent (Dent, 1948) for histidine and tyrosine; 
Ehrlich’s reagent (Smith, 1953) for tryptophan; the 
platinum tetraiodide reagent (Toennies & Kolb, 1951) for 
methionine; and the isatin reagent (Smith, 1953) for 
proline and hydroxyproline. The solvent used for the 
separation of leucine—isoleucine by paper chromatography 
was tert.-butanol—butan-2-one—-water, (4:4:2, by vol.; 
Boissonas, 1950). 

The identity of taurine, which was found to be present in 
a surprisingly high proportion, was checked by the electro- 
phoretic position at various pH values, by a specific reagent 
(Toennies & Kolb, 1951), and by the R, values in various 
solvent systems, including acetone—water (9:1, v/v; 
Lindberg, 1955). The results are given in Table 7. 


DISCUSSION 


Erythrocyte volumes. As previously observed (cf. 
Lorenz, 1954; Bell, 19576), the erythrocyte volume 
of fed laying hens was significantly lower than that 
of fed non-layers. In birds, alterations in eryth- 
rocyte volume are believed to be related to the 


state of the oestrogen—androgen balance 
Blacher, 1925; Herrick, Lockhart, 


(cf. 
Martin & 
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Nusser, 1954), but whether the changes in the ratio 
of cells to plasma are a result of alterations jp 
plasma volume has not been satisfactorily estab. 
lished (cf. Lorenz, 1954; Ramsey & Campbell, 1954), 
The rise in erythrocyte volume which we found 
after a starvation period of 36 hr. in the laying he 
(Table 3), and which was followed by a 40% 
decrease in subsequent egg production in the 
ensuing 14 days, may be due to a diminished hypo. 
physeal production of gonadotrophic hormone 
resulting in follicular atresia and a consequently 
lessened release of oestrogen(s) (Hosoda, Kaneko, 
Mogi & Abe, 1955). Among the hens examined, 
starvation of non-layers did not affect the eryth. 
rocyte volume (Table 3), although in cocks it 
caused a marked rise. The significance to whole 
blood non-protein nitrogen measurements of 
alterations in erythrocyte volume is clear, for the 
erythrocyte non-protein nitrogen concentration is 
five to six times that in the plasma (Table 4). The 
rise in blood non-protein nitrogen observed by 
Shimer (1937) when laying hens were starved can 
now be explained by increase in the proportion of 
circulating erythrocytes rich in non-protein nitro- 
gen and not by a rise throughout the whole tissue 
(Table 3). Salander & Fisher (1956) and Bell 
(19576) have already pointed out the necessity for 
recognizing that small-molecular blood components, 
in the fowl, need not necessarily be equally 
distributed between the rapidly fluctuating formed 
and unformed elements and that the results of 
whole-blood analyses may easily be misinterpreted. 

Non-protein nitrogen of whole blood and of plasma. 
As did Folin & Wu (1919), we find that trichloro- 
acetic acid filtrates contain more non-protein 
nitrogen than do tungstate filtrates (Table 2). 
Hunter’s (1956) method does not remove all the 
material which is non-diffusible and precipitable by 
trichloroacetic acid (Table 1), contrary to his (1957) 
finding with human blood. The nature of the sub- 
stances which co-precipitate with protein—tungstate 
is not known; it is likely that they are bases. 

Plasma uric acid and urea. Since the main end- 
product of avian nitrogen metabolism is uric acid, 
the plasma levels might be expected to reflect 
differences in diet and in nutritional state, as 
observed by Bollman & Schlotthauer (1936) in 
turkeys and by Oppenheimer & Kunkel (1943) in 
fowls, and also differences in the extent and direc- 
tion of protein metabolism in the bird. The higher 
plasma uric acid values of non-layers as compared 
with layers presumably indicate an_ increased 
catabolism of surplus ‘nitrogen’ resulting from 
depressed synthesis of protein, especially as such 
differences are not evident in starved birds. The 
wide range of values may be due to differences in 
egg production or depend on whether the non- 
layers were or were not moulting. 
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Unpublished work by W. M. McIndoe has con- 
firmed Benedict (1915) who showed that the eryth- 
rocytes contain no detectable uric acid; measure- 
ments on whole blood must therefore take the 
erythrocyte volume into account. If our plasma 
figures are translated into the corresponding con- 
centrations for whole blood (Table 5) these prove to 
be appreciably lower than many reported from 
colorimetric observations, e.g. the collated mean 
values quoted by Shimer (1937), which range 
between 1-35 and 6-39 mg./100 ml. of blood. On 
the other hand, our values for immature birds 
agree with those found by Hsu & Combs (1952) for 
plasma by Brown’s (1945) method, but are lower 
than those of Bolton (1947), who used the Christman 
& Ravwitch (1932) method. The plasma values. of 
Levine, Wolfson & Lenel (1947) for ‘young chickens’ 
are somewhat higher; Wolfson, Levine & Tinsley 
(1947) and Wolfson, Levine & Huddlestun (1947) 
estimated the plasma non-uric acid chromogen as 
about 16 % of the apparent total (similar to that 
in man and dogs) in agreement with Benedict’s 
(1915) postulate of about 20%. 

Urea was found to be equally distributed between 
cells and plasma, in agreement with Jacobs & 
Grassmann (1937) (cf. Hunter, 1946), who noted 
that equality of urea distribution is not found in all 
races of birds examined. Apart from the obser- 
vation of Bemporad & Iorio (1945) that fowl muscle 
can split arginine, the kidney (Clementi, 1945) is 
the sole organ in the fowl known to produce urea 
from arginine. [This work of Clementi was unknown 
to one of us at the time of writing an earlier paper 
(Bell, 1957c), where it was stated that the site of 
the formation of avian blood urea was unknown.] 
It seems reasonable to regard avian blood urea as 
being maintained through a fairly constant re- 
absorption from the urine and as a non-participant 
in the general nitrogenous metabolism of the animal. 
Whether muscle produces appreciable amounts of 
urea in vivo is not known. 

Concentration of erythrocyte non-protein nitrogen 
(Table 4). In the laying hen the concentration of 
erythrocyte non-protein nitrogen shows a large 
scatter, and this led us to see if it were possible to 
correlate the concentration with, among other 
things, egg production. From Fig. 1 it will be seen 
that such a correlation does exist and is statistically 
significant. The more eggs the birds laid in an 
arbitrarily chosen period of 6 days after blood 
sampling the lower was the concentration; it 
seemed likely, therefore, that the erythrocytes can 
lose nitrogenous substances to meet an extra- 
vascular demand. 

Although the concentrations of erythrocyte 
non-protein nitrogen of fed and starved hens, both 
laying and out of lay, were not significantly 
different, it is noteworthy that immature (10 weeks) 
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birds showed concentrations very much higher than 
fed non-layers. The possibility that, in these 
rapidly growing birds, the erythrocytes were 
carrying extra materials yielding non-protein 
nitrogen cannot be ruled out. 

For comparison parallel measurements on cocks 
are recorded; it is not proposed to comment on 
these now. 

Free amino acids of plasma and erythrocytes 
(Table 7). The intracellular occurrence and 
apparent concentration of certain free amino acids 
is of interest. Microbiological-assay methods 
(Charkey e¢ al. 1950; Richardson et al. 1953) have 
indicated the presence of arginine, lysine, methion- 
ine, tryptophan, histidine, threonine and valine 
in blood and plasma; in preliminary experiments 
we have added alanine, aspartate, cystine—cysteine, 
glutamate, glycine, leucine and isoleucine, proline, 
serine and especially taurine, to the list for hens 
and cocks. In addition, tryptophan was detected 
in both cells and plasma of the hen but not of the 
cock, tyrosine in cells of the cock and 4-amino- 
butyrate in cock plasma. With the exception of 
methionine and valine, those amino acids known to 
be nutritionally essential to the fowl, as well as 
aspartate, appear to be more concentrated in the 
cells than in the plasma. The absence of glutamine 
is noteworthy as it is present in relatively large 
amounts in mammalian blood; this may be due to 
the high requirement of this amide for uric acid 
synthesis. Although free taurine is known to be 
widely distributed, we are not aware that it has 
previously been found in avian blood. In the fowl 
embryo its presence, especially in the heart, has 
been shown by Gonzales & Awapara (1955) and its 
formation from [**S]sulphate (Machlin, Pearson & 
Denton, 1954; Gonzales & Awapara, 1955; Lowe & 
Roberts, 1955) and from [*S]-cysteine and 
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Fig. 1. Relationship between erythrocyte non-protein N 
and the number of eggs laid by a group of six hens during 
a period of 6 days. Blood was sampled on the fourth day. 
Regression is — 4-388; P <0-01 >0-001. 
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-methionine (Machlin, Struglia & Pearson, 1955) 
has been demonstrated. Machlin & Pearson (1957) 
have studied the effect of injection of [*S]taurine 
into chicks and have demonstrated its incorpora- 
tion into several excretory conjugates, one of 
which is partly derived from ornithine. This last 
substance may be formed by a process analogous 


to ornithuric acid synthesis, involving renal 
argininolysis (cf. Crowdle & Sherwin, 1923; 
Hunter & Dauphinée, 1925). How taurine is 


formed and retained within the fowl erythrocyte is 
unknown. 

The detection, so far in cock plasma alone, of 
4-aminobutyrate is of interest in view of the 
attention at present being paid to its activity in the 
cortical structure of the mammalian brain (Baze- 
more, Elliot & Florey, 1956; Iwama & Jasper, 
1957; McLennan, 1957; Curtis & Phillis, 1958), 
where it has been found in several species and is 
formed from t-glutamate by a decarboxylase 
(Wingo & Awapara, 1950; Tallan, Moore & Stein, 
1954; Roberts & Frankel, 1951). Whether it is an 
accidental component of nutritional origin (in the 
cock) cannot yet be decided. It may be noted that 
homopantothein found in human urine contains 
4-aminobutyric acid in place of the 3-aminopro- 
pionic acid of pantothein (Biserte, Plaquet & 
Boulanger, 1955). 4-Aminobutyrate has not until 
now been reported in birds. 

‘Ninhydrin nitrogen’ and ‘residual nitrogen’ of 
plasma of fed hens (Table 7). In plasma the non- 
protein nitrogen is approximately equally divided 
between NN and RN although in layers compared 
with non-layers RN is significantly lower. This can 
partly be accounted for by differences in uric acid 
levels of nitrogen (Table 5). The NN figures corre- 
spond well with the amino acid values found by 
Bock (1917) and Salander & Fisher (1956), who used 
respectively the Van Slyke and the Danielson 
method. Only a fraction of the RN (mg./100 ml. of 
plasma) is accountable for from published average 
values, as follows: urea nitrogen, 1-5 mg. (Bell, 
1957c, Table 5); uric acid nitrogen, 0-1—3-3 mg. 
(Table 5); creatine nitrogen, 0-3 mg. (Salander & 
Fisher, 1956); a total of about 5-1 mg. of RN as a 
maximum. Therefore 2-4-6-4mg. of RN is of 
unknown origin, but might be accounted for by 
basic amino acids and substances giving less than 
“100 % of colour’ with ninhydrin. 

‘Ninhydrin nitrogen’ and ‘residual nitrogen’ of 
erythrocytes of fed hens (Table 7). Until more is 
known about the chemistry of the NN and RN 
fractions of the erythrocyte non-protein nitrogen 
little can be discussed about the results of our 
measurements beyond noting that the RN of the 
immature birds was very high. As with plasma, the 
RN is only partially accounted for by observations 
known to the authors. These are as follows, the 
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figures indicating RN in mg./100 ml. of erythro. 
cytes: urea nitrogen, 1:5 (Table 4); creatine 
nitrogen, 0-3 (Salander & Fisher, 1956); adenosine 
triphosphate nitrogen, 9 (Rapoport & Guest,1941); 
ergothioneine nitrogen, 4 (Hunter, 1928); gluta. 
thione nitrogen, 7 (Chanton, 1932), 20 (Gruner, 
Meyer & Phillips, 1951). The discrepancy in eryth. 
rocyte RN cannot wholly be accounted for by 
basic amino acids. 

We conclude that the erythrocytes of the fow| 
may contain a portion of the animal’s nitrogen 
pool and play a part in the carriage and supply of 
nitrogenous small molecules to extravascular 
metabolic centres. 
















SUMMARY 






1. Non-protein nitrogen was measured on blood 
or plasma deproteinized by trichloroacetic acid. 
Diffusates of blood which had been diluted and 
boiled at pH 6-4 gave the same values. Depro. 
teinization by tungstate removed some diffusible 
non-protein nitrogen. ‘Ninhydrin nitrogen’ was 
also measured on trichloroacetic acid filtrates. 

2. Erythrocyte non-protein nitrogen is five to 
six times that of plasma. The erythrocyte portion 
of the blood volume fluctuates with the physio. 
logical state and varies in relation to sex and 
nutrition ; it therefore biases measurements of non- 
protein nitrogen made on whole blood. 

3. Significantly higher levels of whole blood 
non-protein nitrogen were found in the first of 
each of the following pairs: (a) starved and fed 
laying hens; (b) fed and starved non-laying hens; 
(c) fed non-laying and fed laying hens; (d) im. 
mature and non-laying hens. These differences are 
almost entirely due to differences in erythrocyte 
volume. 

4. Erythrocyte non-protein nitrogen concentra- 
tions were markedly higher in immature birds than 
in adults. 

5. Plasma non-protein nitrogen concentrations 
were significantly higher (a) in non-laying than in 
laying fed hens, (b) in immature than in non-laying 
hens. 

6. In a single experiment involving six hens a 
statistically significant correlation was found 
between their erythrocyte nitrogen concentrations 
and the number of eggs laid during the 6 days 
subsequent to blood sampling. 

7. Uric acid plasma levels were related to sex 
and to the physiological and nutritional states. 

8. In filtrates of erythrocytes and plasma of 
hens and cocks, qualitatively analysed by high- 
voltage paper electrophoresis, 18 free 2-amino acids 
were detected with evidence of higher concentra- 
tions of some in the erythrocytes, namely arginine, 
aspartate, cystine-cysteine, glycine, histidine, 
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Jeucine—isoleucine and lysine. A high concentra- 
tion of taurine in the cells and the apparent 
absence from the blood of glutamine are note- 
worthy. 4-Aminobutyrate was found in cock 
plasma. 

9. The non-protein nitrogen of plasma and of 
erythrocytes was fractionated into ‘ninhydrin 
nitrogen’ and ‘residual nitrogen’. In immature 
birds the amounts of both the erythrocyte ‘nin- 
hydrin’ and ‘residual nitrogen’ were at levels 
distinctly higher in mature animals. The erythro- 
cyte ‘ninhydrin nitrogen’ of non-layers was higher 
than that of layers, whereas the reverse held for the 
erythrocyte ‘residual nitrogen’. The plasma 
‘residual nitrogen’ and the plasma non-protein 
nitrogen of non-layers was significantly higher than 
that of layers. The plasma ‘ninhydrin nitrogen’ 
corresponds with values found by others for ‘amino 
acids.” 

10. We suggest that the fowl erythrocytes form 
part of the nitrogen pool of the animal and can 
contribute ‘non-protein nitrogen’ to meet extra- 
vascular needs. 
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The Fermentation of Lactate and Acrylate 
by the Rumen Micro-organism LC 


By J. N. LADD anp D. J. WALKER* 
A.R.C. Unit for Microbiology, Department of Microbiology, The University, Sheffield 10 


(Received 18 August 1958) 


Washed cell suspensions of the anaerobic coccus 
Lc isolated from the rumen of sheep by Elsden, 
Voleani, Gilchrist & Lewis (1956) ferment lactate 
(Ladd, 1957, 1959) and acrylate (Lewis & Elsden, 
1955) to hydrogen, carbon dioxide, acetate, pro- 
pionate, butyrate and valerate. Lewis & Elsden 
(1955) showed that both washed cell suspensions 
and acetone-dried powders of Lc reduce acrylate to 
propionate in an atmosphere of hydrogen, and they 
suggested that acrylate or a derivative of acrylate 
is an intermediate in the conversion of lactate into 
propionate. 

In this paper we describe the fermentation of 
lactate and acrylate by cell-free extracts of Lc and 
demonstrate a requirement of each fermentation 
for ‘sparking’ by a number of high-energy com- 
pounds. Evidence is also presented for a coupled 
oxidation—reduction reaction between lactate and 
acrylate. The effects of various inhibitors on the 
fermentations are reported. The results give added 
support to the direct pathway of propionate for- 
mation in this organism. 

Most of this work has been communicated to a 
meeting of the Biochemical Society (Ladd & 
Walker, 1958; Walker & Ladd, 1958). 


* Present address: Division of Biochemistry and General 
Nutrition, C.S.I.R.O., Adelaide, Australia. 


MATERIALS AND METHODS 


Organism. Cultures of Lc were grown in 101. glass 
aspirators containing 81. of medium by the method of 
Walker (1958a). The cells were harvested on the Sharples 
Super-centrifuge and washed once with deoxygenated 
water. 

Preparation of cell-free extracts. A paste of washed cells 
was crushed without abrasive in the Hughes bacterial press 
previously cooled to approx. -— 20° (Hughes, 1951). The 
frozen material so obtained was suspended in 50 ml. of 
water and held at 37° for 5 min. with occasional shaking to 
ensure complete thawing. Cell debris was removed by 
centrifuging at 14000 g in the International refrigerated 
centrifuge for 20 min. at 0°. The clear, green supernatant, 
which contained the activity, was dispensed into test tubes 
and stored under air at — 15°. 

Manometric methods. All experiments were carried out at 
37° under an atmosphere of pure N, or H,. Single side- 
bulb manometer cups were used for most experiments. 
The enzyme preparation was placed in the side bulb and, 
after temperature equilibration, was added to the substrate 
mixed with 200 umoles of buffer and water to a final volume 
of 2-6 ml. in the main compartment. When rates of H, 
output or uptake were required, 0-1 ml. of 10N-NaOH and 
a piece of folded filter paper were placed in the centre well 
and used for the absorption of CO,. When CO, estimations 
were necessary, double side-bulb cups were used, the 
second side bulb containing 0-2 ml. of CO,-free 2n-NaOH 
and a piece of folded filter paper. After gas exchange had 





—_- = wt meet & Set oe CUCU 





1959 
exp. Biol, 


E. xp. Sta,, 


). J. diol, 


Nn. 23, 823, 
tol. Chem, 


‘hem. 187, 

London: 
B. (1947), 
). J. clin, 


80, 209, 


1. glass 
thod of 
Sharples 
‘genated 


1ed cells 
ial press 
1). The 
0 ml. of 
aking to 
ved by 
igerated 
natant, 
st tubes 


1 out at 
le side- 
iments, 
Ib and, 
bstrate 
volume 
| of H, 
)H and 
re well 


1ations 
d, the 
NaOH 
ge had 








Vol. 71 


ceased and the pressure changes had been noted, the mano- 
meters were removed from the bath and the side bulb 
which had contained the extract was carefully drained. 
A volume (0-4 ml.) of 2N-H,SO, was added to the empty 
side bulb, and the manometer cup was flushed with N,. 
After re-equilibration at 37° the acid was added to the 
reaction mixture, which was then thoroughly mixed with 
the alkali in the second side bulb. The pressure change was 
noted and the mixing repeated until no further pressure 
change was observed. 


Estimation of fermentation products 


Volatile fatty acids. Samples of the reaction mixture, 
deproteinized with H,SO, (final conen. Nn), were steam- 
distilled in a Markham apparatus. The distillate was 
aerated with CO,-free air for 2-3 min. and the total acids 
were determined by titration with standard alkali (approx. 
4mn). The individual fatty acids were estimated by 
titration after separation on Celite columns (Bueding & 
Yale, 1951). 

Pyruvate. Pyruvate was estimated by the extraction 
method of Friedemann & Haugen (1943) with solutions of 
crystalline sodium pyruvate as standards. Pyruvate was 
isolated from a reaction mixture as the 2:4-dinitrophenyl- 
hydrazone by the following procedure. The reaction 
mixture was deproteinized with 10n-H,SO, (final conen. n), 
and centrifuged and the supernatant mixed with 10 ml. of 
saturated 2:4-dinitrophenylhydrazine in 2N-H,SO,. The 
immediate yellow precipitate which formed was allowed to 
stand overnight at 4°, filtered off, washed with 2n-H,SO, 
and recrystallized from ethanol-water. The product 
melted at 214° (uncorr.) and did not depress the melting 
point of an authentic sample of pyruvic 2:4-dinitrophenyl- 
hydrazone (m.p. 214°, uncorr.). 

Assay of radioactivity. Carbon dioxide was collected and 
converted into BaCO,, then plated and assayed for radio- 
activity as described-by Ormerod (1956). All other radio- 
activity measurements were made at infinite thinness. 
Aqueous or ethanolic solutions of the material (0-01- 
0-05 ml.) were spread on clean stainless-steel disks which 
had a circular groove cut into the surface to give a counting 
area of 2-85 cm.*, which was the same as that of the BaCO, 
plates prepared for assay of CO, (Henriques, Kistiakowsky, 
Margnetti & Schneider, 1946). All measurements were 
made with a Packard, model 200 A, windowless flow counter 
(Packard Instrument Co., La Grange, Ill., U.S.A.) with 
a Baird-Atomic, model 1035, scaler (Baird-Atomic Inc., 
Cambridge, Mass., U.S.A.) and a Packard, model 220, 
proportional counting amplifier. The counter was operated 
in the proportional range with methane, obtained from the 
National Coal Board, Point of Ayr, Flintshire, as the 
counting gas. The activity was corrected for background 
(20-25 counts/min.) and self-absorption (for CO,) and the 
results were expressed as specific activities (counts/min./ 
pmole) at infinite thinness. Radioautographs were pre- 
pared by pinning the unsprayed chromatogram of the 
radioactive material to an Ilford Industrial (G) X-ray film, 
and wrapping in black paper and weighting with a glass 
plate to ensure even contact. The film was developed after 
the required time of exposure. Hydroxamates were deter- 
mined by the method of Lipmann & Tuttle (1945). Indi- 
vidual hydroxamates were identified by chromatography in 
water-saturated butanol (Stadtman & Barker, 1950) or 
butanol-acetic acid—water (4:1:5) solvents. Protein was 
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estimated by the turbidimetric method of Stadtman, 
Novelli & Lipmann (1951). 

Reagents. Sodium pt-lactate was prepared by neutraliz- 
ing a boiling solution of 4.R. lactic acid (Hopkin and 
Williams Ltd., Chadwell Heath, Essex) with dilute NaOH 
and standardized by the method of Elsden & Gibson 
(1954). Sodium acrylate was prepared by steam-distilling 
acrylic acid (L. Light and Co., Colnbrook, Bucks.) and 
neutralizing with NaOH, bromothymol blue being used as 
external indicator. The stock solution was standardized by 
hydrogenation with colloidal palladium (Harrison, 1939). 
Crystalline sodium pyruvate was prepared from redistilled 
pyruvic acid (L. Light and Co.) and standardized mano- 
metrically with yeast carboxylase (Westerkamp, 1933). 
Adenosine triphosphate (ATP) and adenosine diphosphate 
(ADP) were obtained from Zellstofffabrik Waldhoff, 
Wiesbaden, Germany, adenylic acid (AMP) from Roche 
Products Ltd., Welwyn Garden City, Herts. Flavin 
mononucleotide (FMN) was obtained from the Sigma 
Chemical Co., St Louis, Mo., U.S.A. The dilithium acetyl 
phosphate (79 % pure on the basis of labile phosphate) was 
a gift from Dr J. L. Peel. Sodium azide, potassium ferri- 
cyanide, sodium arsenate and 2:4-dinitrophenylhydrazine 
were obtained from Hopkin and Williams Ltd., 2:4- 
dinitrophenol (DNP), pt-thyroxine, hydroxylamine hydro- 
chloride and 2:6-dichlorophenol indophenol from British 
Drug Houses Ltd., Poole, Dorset, fumaric acid from L. 
Light and Co., diphospho- and triphospho-pyridine nucleo- 
tide (DPN and TPN) from Nutritional Biochemicals Corp., 
Cleveland, Ohio, U.S.A., and methyl viologen from 
Jacobson Van den Berg and Co. Ltd., London. 

Buffers. Phosphate buffers (0-2m) were prepared from 
2m stock solutions of K,HPO, and KH,PO,. Imidazole 
buffer was prepared from recrystallized imidazole (L. 
Light and Co.) and n-HCl. The buffers were adjusted to the 
required pH with a Pye pH meter, model 605 (W. G. Pye 
and Co. Ltd., Cambridge). 


RESULTS 


Fermentation of lactate and acrylate by cell-free 
extracts of tc. Table 1 shows that both lactate and 
acrylate were fermented by cell-free extracts to 
H,, CO,, acetate and propionate, and it will be 
noted that the yields of the various products were 
very similar. Both the carbon recoveries and the 
redox indices (Johnson, Peterson & Fred, 1931; 
Elsden & Lewis, 1953) show that no end product 
has been overlooked. In contrast to washed cell 
suspensions the formation of higher fatty acids 
(butyrate, valerate and caproate) was never 
observed. All extracts fermented pyruvate to 
H,, CO, and acetate. 

The rates of fermentation of both lactate and 
acrylate by extracts of Lc, as measured by H, 
production, were almost identical. The average 
results of comparable experiments with four 
different extracts in which lactate and acrylate 
were fermented in parallel are as follows: with 
lactate, 1-14 (range 0-92—1-37) pmoles of H,/mg. of 
protein/10 min.; with acrylate, 1-18 (range 1-10— 
1-27) umoles of H,/mg. of protein/10 min. 
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‘Sparking’ of lactate and acrylate fermentation. cyanide and fumarate were not effective substitutes | simila 
Extracts dialysed for 4-6hr. against distilled for acrylate in ‘sparking’ lactate fermentation, ment 
water at 2° no longer fermented lactate and acryl- Coupled oxidation—reduction reaction between varyi 
ate alone, but on the addition of ‘sparker’ amounts lactate and acrylate. Extracts dialysed overnight at Af 
(0-8 pmole/ml.) of acetyl phosphate or ATP or ADP 2°, whilst still able to ferment pyruvate rapidly, did | obtai 
or pyruvate, H, was rapidly formed from both not ferment either lactate or acrylate even in the (2M 
lactate and acrylate (Table 2). Further, the presence of ‘sparkers’. However, when substrate Paral 
fermentation of lactate could be ‘sparked’ by amounts of lactate were incubated with ‘sparker’ and i 
acrylate and the fermentation of acrylate could be amounts of acrylate, H,, approximately equivalent of th 


‘sparked’ by lactate. AMP was inactive. The rates 
of gas production were of the same order in all 
cases, as were the final H, outputs, indicating that 
all the ‘sparkers’ were equally effective. It seemed 
likely that the effect of acrylate was due to it 
acting as a hydrogen acceptor for the oxidation of 
lactate, leading to the formation of pyruvate, 
which then ‘sparked’ the fermentation of the 
remaining lactate. This oxidation—reduction re- 





to the amount of acrylate added, was evolved, 
A similar observation was made when substrate 
amounts of acrylate were incubated with ‘sparker’ 
amounts of lactate. 

The reaction was studied more closely. When 
excess of lactate (40 umoles) was incubated with 
varying amounts of acrylate (5, 10 and 20 pmoles), 
the ratios of the amounts of H, evolved were 
approx. 1:2:4, i.e. the same as the ratios of the 


























































action will be discussed in more detail later. DPN, amounts of acrylate added, although the yields of Ex 
TPN, FMN, 2:6-dichlorophenol indophenol, ferri- H, were significantly less than theoretical (Table 3); =. 
: P 
Table 1. Fermentation of lactate and acrylate by cell-free extracts of LC 
Experiments were carried out in double side-bulb manometer cups containing 200 pmoles of phosphate buffer, pH 6-0, 
50 moles of substrate and water to a volume of 1-9 ml. in the main compartment. One side bulb contained 0-5 ml. of 
extract (equivalent to 20 mg. of protein) and the other 0-2 ml. of CO,-free 2n-NaOH. Gas phase N, ; temp. 37°; reaction 
time 1 hr. 
With lactate With acrylate 
Products —— A~A— —— —— A 
(umoles) Control Observed Corrected Observed Corrected 
Hydrogen -0-8 11-4 12-2 10-2 11-0 
Carbon dioxide 3-3 24-1 20-8 22-4 19:1 
Acetate 4-4 23-3 19-2 25-5 21-4 dines 
Propionate 4-0 33-0 29-0 33-1 29-1 
Higher volatile fatty acids 0-9 1-4 0-5* 0-9 0 
Residual substrate -- 2-4 2-4 — ~—_ 
Carbon recovery (%) — -- 102 — 99 ' 
Redox index — — 1-01 — 0-95 - 
7 , . pun 
* Omitted in calculating the percentage carbon recovery. (eq 
N sah . ae tie SS the 
27 
Table 2. Effect of ‘sparkers’ on lactate and acrylate fermentation by an extract of Lc dialysed for 5 hr. dia 
ten 
Experiments were carried out in single side-bulb manometer vessels containing 200 umoles of phosphate buffer, pH 60, val 
40 umoles of substrate, 2 umoles of ‘sparker’ and water to a volume of 2-2 ml. in the main compartment. The side bulb 
contained 0-3 ml. of extract (equivalent to 11 mg. of protein) and the centre well 0-1 ml. of 10N-NaOH. Gas phase N,; 
temp. 37°; incubation time 1 hr. All gas outputs were corrected for controls in the absence of substrate. 
With lactate With acrylate 
c z . —A = eg — ~ 
Rate of Total H, Rate of Total H, 
gas output* output gas output* output i 
Sparker (umoles/6 min.) (umoles) (umoles/6 min.) (umoles) Ce 
None 0-1 0-5 0 -0-7 . 
ATP 53 13-0 5-1 12-8 : 
ADP 55 13-6 5:8 11:7 
AMP 0 -03 0 -0-9 ; 
Pyruvate 6-2 15-4 55 15-9 
Lactate 6-0 13-1 
Acrylate 5-7 13-8 — 
Acetyl phosphate 5-7 12-8 5:7 14-1 


* Rates calculated from the linear range of gas production (4-10 min.). 
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similar results were obtained in a parallel experi- 
ment when excess of acrylate was incubated with 


varying amounts of lactate. 
A fuller understanding of these observations was 
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production of a similar amount of acetate. The 
specific activity of the pyruvate was the same as 
that of the lactate added. The acetate produced had 
a specific activity higher than that of the lactate. 


However, since the amount of acetate formed (the 
difference between the amounts observed in the 
experimental and control cups) was small and since 
there was an even greater amount of acetate in the 
extract, a small absolute error in the estimation of 
either could lead to a large relative error in the 
calculated specific activity. The CO, was not 
significantly labelled and the specific activity of the 
propionate was only 2 % of that of the lactate. In 
phosphate buffer no pyruvate accumulated and the 


obtained by incubating dialysed extracts with 
(2-4C]lactate and limiting amounts of acrylate. 
Parallel experiments were carried out in phosphate 
andimidazole buffers. In each case all the products 
of the reaction were estimated and assayed for 
radioactivity. The results are shown in Table 4. In 
imidazole buffer, the major products were pyruvate 
and propionate, which were formed in approxi- 
mately equivalent amounts. A small amount of H, 
and CO, was evolved and this is reflected in the 





Table 3. Coupled oxidation—reduction reaction between lactate and acrylate catalysed 
by an extract of Lc dialysed overnight 


Experiments were carried out in manometer cups containing 200 umoles of phosphate buffer, pH 6-0, substrates and 
water to a volume of 2-2 ml. in the main compartment. The side arm contained 0-3 ml. of extract (equivalent to 11 mg. of 
protein) and the centre well contained 0-1 ml. of 10N-NaOH. Gas phase N, ; temp. 37°; reaction time 1 hr. 


Substrate 
(umoles) 
oe + - 
Lactate Acrylate Theoretical Observed 


40 0 0 — 

40 5 ‘ 5-0 1 

40 10 10-0 1-95 

40 20 20-0 3°88 
0 40 0 
5 40 , 5-0 

10 40 10-0 2-19 

20 40 20-0 4-09 


H, evolved 


(umoles) Ratio of H, yields 
A. waa 





Observed Theoretical 


Table 4. Isotope and carbon balance for the coupled reaction between [2-\C]lactate and acrylate 


Experiments were carried out in double side-bulb manometer cups. Where imidazole buffer was used, the main com- 
partment contained 400 moles of imidazole, pH 6-0, 80 moles of [2-'C]lactate (specific activity 27 200 counts/min./ 
mole), 60 umoles of acrylate and water to a volume of 4:2 ml. One side bulb contained 0-6 ml. of dialysed extract 
(equivalent to 22 mg. of protein) and the other contained 0-4 ml. of CO,-free 2n-NaOH. Where phosphate buffer was used, 
the main compartment contained 200 moles of phosphate buffer, pH 6-0, 40 zmoles of [2-C]lactate (specific activity 
27200 counts/min./umole), 30 uzmoles of acrylate and water to a volume of 2-1 ml. One side bulb contained 0-3 ml. of 
dialysed extract (equivalent to 11 mg. of protein) and the other contained 0-2 ml. of CO,-free 2N-NaOH. Gas phase N, ; 
temp. 37°; reaction time 90 min. All values were corrected for controls without substrate. Figures in parentheses are 
values obtained in control experiments without substrate. 


Imidazole buffer 


Phosphate buffer 





Specific 
activity 
(counts/min./ 
pmole) 


=a 
Specific 
ee activity 
pmoles of lactate (counts/min./ 
utilized pmole) 
0-06 oa 
0-14 33 
0-10 35 500 24-8 (4-0) 0-89 23 000 
64-3 (3-5) 1-09 670 25-3 (3-3) 0-91 140 
48-5 (0) 0-82 26 600 0 0 0 
21-0 (3-8) = 27 200* 12-2 (1-3) — 27 200* 
Lactate utilized 59-0 — -= 27:8 — — 
C recovered (%) 100 90 = — 
Radioactivity recovered (%) — 99 86 — - 
Redox index -- 0-95 1-06 — 


* Residual lactate not assayed for radioactivity but assumed to be of the same specific activity as the added lactate. 


pmoles of product 
pmoles of lactate 
utilized 
0-87 
0-95 


pmoles of product 
ite Amount 
(umoles) 
24-3 (1-8) 
26-4 (1-0) 


Amount 
(moles) 
3-7 (0-5) 
8-0 (2-0) 
5-6 (8-6) 


Hydrogen 

Carbon dioxide 
Acetate 
Propionate 
Pyruvate 
Residual lactate 


62 
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yields of H,, CO, and acetate were correspondingly 
increased. The specific activity of the acetate 
was similar to that of the lactate added. Neither 
the CO, nor the propionate was significantly 
labelled. 

Formation of activated substrate during lactate 
fermentation. The ‘sparking’ phenomenon demon- 
strated with extracts dialysed for short periods 
suggested the participation of activated substrates, 
possibly acyl derivatives, in the fermentation. The 
method of detecting such intermediates depended 
upon hydroxamate formation (Lipmann & Tuttle, 
1945). Lactate was incubated with fresh un- 
treated extract and the reaction stopped by the 
addition of hydroxylamine whilst the rate of H, 
production was maximal. Under these conditions 
a hydroxamate was formed which, on chromato- 
graphy in butanol—water, had the same R, value 
as that of lactyl hydroxamate prepared from ethyl 
lactate. This was confirmed with labelled lactate. 
Two-dimensional chromatography in _ butanol— 
water and butanol-acetic acid—water solvents of 
the hydroxamates formed by adding hydroxy]l- 
amine to an extract fermenting [2-C]lactate, 
followed by radioautography, showed the presence 
of radioactive areas corresponding to lactyl, 
acetyl and propionyl hydroxamate. Another 
hydroxamate, which was radioactive and which did 
not move significantly in either solvent, was ob- 
served; it may be a polymerized form of acryly] 
hydroxamate. Acrylyl hydroxamate, freshly pre- 
pared from ethyl acrylate, moves with an R, value 
similar to that of propionyl hydroxamate in both 
solvents. However, chromatography of the pre- 
paration after standing 2 or more days at room 
temperature shows the appearance of an area near 
the origin which reacts with the hydroxamate 
spray reagent and the disappearance of the original 
acrylyl hydroxamate. 
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Action of inhibitors on lactate and 
acrylate fermentation 


All the inhibition experiments were carried ou} 
manometrically. As in earlier experiments the 
production of H, was taken as a measure of the rate 
of fermentation. In all experiments where H, was 
not evolved, measurement of residual substrate 
showed that none had been fermented. All inhi. 
bitors were pre-incubated with the fresh undialysed 
extract in the side bulb for 15 min. before mixing 
with the substrate. 

Arsenate. The effect of arsenate is shown in 
Table 5. 10mm-Arsenate completely inhibited 
lactate and acrylate fermentation but had no effeet 
on the total H, output from pyruvate.. No accurate 
measurement of the rates of H, production from 
pyruvate could be made in this and all subsequent 
inhibition experiments since the rates of gas 
evolution, even in the presence of inhibitor, far 
exceeded the rate at which the CO, could be 
absorbed by the NaOH in the centre well. Lactate 
fermentation was completely inhibited by 2 mm- 
arsenate; whilst this concentration had no effect 
on the rate of acrylate fermentation, it reduced the 
total H, output by 32%. Fresh undialysed extracts 
catalysed a reaction between lactate and acrylate 
with gas production in the presence of 10mm. 
arsenate, a concentration which’ completely in- 
hibited the fermentation of either substrate alone. 
However, the rate of H, evolution from the coupled 
reaction was only approx. 34% of that observed 
during the fermentation of either lactate or acrylate 
in the absence of arsenate. When 40 umoles of 
lactate and 10 ymoles of acrylate were incubated 
with fresh extract in the presence of 10ms- 
arsenate the yield of H, was 15-6 umoles, ie. 
5-6 moles more than the amount of acrylate 
added, indicating that the products of the reaction 


Table 5. Effect of arsenate on lactate and acrylate fermentations 


Experiments were carried out in manometer cups containing 200 umoles of phosphate buffer, pH 6-0, substrate and 
water to 1-95 ml. in the main compartment. The side bulb contained 0-3 ml. of fresh extract (equivalent to 12 mg. of 
protein) and 0-25 ml. of inhibitor or water; 0-1 ml. of 10N-NaOH was placed in the centre well. Gas phase N, ; temp. 37°; 
reaction time 1 hr. Results were corrected for corresponding controls without substrate. Rates of H, output were calcu- 
lated from values obtained when gas output was linear. 


Lactate 
(40 pmoles) 

Final 
conen. of 
arsenate 

(mM) 


Rate of H, 
Total H, output 
output (umoles 
(~moles) 6 min.) (umoles) 
0 16-3 7-6 14-5 
10 — — 0-3 
2 1-0 0-2 9-8 
0-1 15-9 6-7 — 


Total H, 
output 


Acrylate 
(40 pmoles) 


SS eee —_ 


Lactate (40 umoles) + 
acrylate (10 umoles) 

[ ———_—__—_ meee 
Rate of H, 
output 
(umoles/ 
6 min.) 


Pyruvate 
(10 pmoles) 
Total H, 
output 
(umoles) 
7-0 15-6 2-5 


Rate of H, 
output 
(nmoles/ 
6 min.) 


Total H, 
output 
(umoles) 
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Table 6. Effect of hydroxylamine on lactate and acrylate fermentation 


For experimental details see Table 5. 


Lactate Acrylate Lactate (40 wmoles) + Lactate (40 pmoles) + 
(40 wmoles) (40 pmoles) acrylate (10 wmoles) acrylate (20 umoles) 
A A 





Final (eee cence, pa \ — 
concen. of Rate of H, Rate of H, Rate of H, Rate of H, 
hydroxy]l- Total H, output Total H, output Total H, output Total H, output 

amine output (umoles/ output (umoles/ output (umoles/ output (umoles/ 

(uM) (umoles) 6 min.) (umoles) 6 min.) (umoles) 6 min.) (umoles) 6 min.) 

0 16-9 71 f 8-3 —_ — — —e 

100 1-0 0 ° 0 9-3 7:3 18-3 8-0 

20 18-2 78 . 0 oe _ i 
10 ; 3: 8-3 nie = aa a 


c 





Table 7. Effect of 2:4-dinitrophenol on lactate and acrylate fermentations 


Experimental details were as described in Table 5 except that the extract used was further centrifuged at 144 000g 
for 1 hr. 
Lactate Acrylate Lactate (40moles)+ Lactate (40 moles) + 
(40 wmoles) (40 pmoles) acrylate (10 »moles) acrylate (20 umoles) 
A * A + Pyruvate ,- A— A 





Final . a —, 
conen. of Rate of H, Rate of H, (10 moles) Rate of H, Rate of H, 
24-dini- Total H, output Total H, output Total H, Total H, output Total H, output 
trophenol output (umoles/ output (nmoles/ output output (umoles/ output (umoles/ 

(uM) (»moles) 6 min.) (umoles) 6 min.) (umoles) (moles) 6 min.) (umoles) 6 min.) 

0 17-2 7-4 15-7 7-4 8-9 — — 
50 0-5 0-1 0-6 0-1 8-4 7:3 5: 
20 0-5 0-1 0-5 0 ao — 

10 16-3 3-9 0-1 0 8-1 
18-0 6-8 14-5 6-7 _— 





could partially overcome the inhibition of the 
fermentation. 

Hydroxylamine. 100 ymM-Hydroxylamine com- 
pletely inhibited lactate and acrylate fermentation, No DNP 
whereas 10yM-hydroxylamine did not inhibit 
either (Table 6). At 20 um-hydroxylamine, lactate 10 umM-DNP 
fermentation was not affected, whereas acrylate 
fermentation was completely inhibited. Pyruvate 
fermentation was not affected by the addition of 
100 um-hydroxylamine but the possibility that the 
inhibitor is removed by oxime formation with the 
large excess of substrate makes it difficult to draw 
conclusions. In the presence of 100 »mM-hydroxyl- 
amine, the fresh extracts catalysed an oxidation— 
reduction reaction between lactate (40 pmoles) and 
arylate (10 and 20ymoles), yielding 9-3 and 
183 umoles of H, respectively. The rates of H, 
evolution from the oxidation—reduction were 
similar to the rates of fermentation of lactate and 
acrylate in the absence of inhibitor. 

2:4-Dinitrophenol and sodium azide. Preliminary 
experiments showed that DNP and azide inhibited 
lactate and acrylate fermentations at concentra- 
tions known to inhibit oxidative phosphorylation 
in mitochondrial systems. In further studies with Fig. 1. Effect of 2:4-dinitrophenol on lactate fermentation. 
these inhibitors, the extracts used were centrifuged Experimental details are as described in Table 7. 
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at 144 000 g for 1 hr. at 0° in the Spinco preparative 
centrifuge. The supernatant, which is presumably 
particle-free, retained all the activity of the original 
extract. The effect of DNP is shown in Table 7. 
20 um-DNP completely inhibited lactate and acryl- 
ate fermentation whereas pyruvate fermentation 
was not affected even by 50um-DNP. 10 um-DNP 
completely inhibited acrylate fermentation but had 
no effect on the total H, output from lactate, 
although it caused a lag of 12-15 min. before 
significant gas production occurred. This is shown 
more clearly in Fig. 1. The oxidation—reduction 
reaction between lactate and acrylate could be 
demonstrated with fresh extracts in the presence of 
50 um-DNP. 

2mm-Azide completely inhibited lactate and 
acrylate fermentation but had no effect on pyruvate 
breakdown, whereas 200 yM-azide completely in- 
hibited acrylate fermentation but caused only 
a partial inhibition of lactate fermentation. In 
the presence of 2mm-azide the coupled re- 
action between lactate and acrylate took place 
(Table 8). 

Attempts were made to reverse the inhibition of 
lactate and acrylate fermentation by the addition 
of ATP or acetyl phosphate, with somewhat 
variable results. The success or failure to reverse 
the inhibition seemed to depend on there being a 
concentration of DNP present just sufficient to 
prevent fermentation. 
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Reduction of acrylate and pyruvate with hydrogen 


Extracts of Lc which had been dialysed overnight 
still retained a powerful hydrogenase activity, 
When such extracts were incubated in imidazole 
buffer with either pyruvate or acrylate under a H, 
atmosphere and in the presence of catalytic 
amounts (0-8 »mole/ml.) of methyl viologen, gas 
uptake occurred with the formation of lactate and 
propionate respectively in amounts equivalent to 
the H, uptake (Table 9). These results suggest that 
the extract contains an acrylate reductase and a 
lactate dehydrogenase. In the absence of methy| 
viologen, acrylate was reduced at a slower rate and 
pyruvate was broken down slowly to acetate, CO, 
and H,. 


DISCUSSION 


The overall fermentation of lactate and acrylate by 
cell-free extracts of the rumen organism 1 
approximates to equations (1) and (2) respectively. 
2CH,*CH(OH):-CO,H 

> H,+CO,+CH,*CO,H + CH;*CH,*CO,H (1) 
2CH,:CH+CO,H + 2H,O 

> H,+CO,+CH,*CO,H + CH,;*CH,*CO,H = (2) 
In practice the amounts of hydrogen evolved were 
less than those expected from the above equations 


and this was reflected in correspondingly increased 
yields of propionate. The fermentations of lactate 


Table 8. Effect of azide on lactate and acrylate fermentation 


For experimental details see Table 7. 


Lactate 


(40 pmoles) 


S 
Rate of H, 
output 


Acrylate 
(40 pmoles) 
wera 


s c 


Final 
concn. of Total H, 

azide output (umoles/ output (umoles/ 

(uM) (umoles) 6 min.) (umoles) 6 min.) 

0 17-9 71 15-7 71 

2000 1-2 0 0-2 
200 12-8 5-0 0-4 

20 17-9 71 16-1 


Total H, output 


Pyruvate ;- 
Rate of H, (10 moles) 
Total H, 


(moles) 


Lactate (40 umoles) + 
acrylate (10 pmoles) 


Lactate (40 umoles) + 
acrylate (10 umoles) 





c a 
Rate of H, 
output 
(umoles/ 
6 min.) 


4 
Rate of H, 
output 
(nmoles/ 
6 min.) 


Total H, 
output 
(umoles) 


Total H, 
output 
(umoles) 


output 


9-1 


5 11-2 


Table 9. Reduction of acrylate to propionate and of pyruvate to lactate 


Experiments were carried out in manometer cups containing 200umoles of imidazole buffer, pH 6-0, 20 umoles of 
acrylate or pyruvate, 2 uzmoles of methyl viologen where indicated and water to a volume of 2 ml. in the main compart- 
ment. Extract (0-5 ml., equivalent to 18 mg. of protein) dialysed overnight was added to one side bulb and 0-1 ml. of 
10N-NaOH was placed in the centre well. Gas phase H, ; temp. 37°; reaction time 1 hr. Results were corrected for con- 
trols without substrate. Negative values indicate an uptake of H,. 

With acrylate With pyruvate 
oC Mr ee A, 
Methyl viologen Methyl viologen Methyl] viologen Methyl viologen 
present absent present absent 
Hydrogen -18-3 — 8-4 — 18-5 8-0 
Propionate 17-8 8-1 
Lactate _ — 


Products 
(umoles) 


16:3 0-7 
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and acrylate by Lc are similar to those of Clostri- 
dium propionicum (Cardon & Barker, 1947), 
except that C. propionicum lacks hydrogenase 
activity and all the hydrogen made available by 
substrate oxidation is utilized to reduce further 
substrate to propionate. 

Extracts of Lc fermented both lactate and acryl- 
ate at the same rate to give the same products in 
the same proportions. Both fermentations were 
abolished by short-term dialysis of the extracts and 
restored by the same ‘sparkers’. Neither fermen- 
tation can be restored after dialysis of the extracts 
overnight. Further, both lactate and acrylate 
fermentations were inhibited by the same inhibitors 
at similar concentrations despite differences in 
sensitivity. These differences cannot be explained 
at present since no explanation can be offered for 
the precise modes of action of DNP, azide and 
hydroxylamine (see later) though that of arsenate 
is known. The evidence indicates strongly that 
lactate and acrylate are interconvertible and that 
each compound, or an activated derivative thereof, 
isan intermediate in the fermentation of the other. 

The ‘sparking’ phenomenon suggests that both 
lactate and acrylate must be activated before they 
are fermented. The nature of this activation is 
stil unknown. However, the fact that each 
‘sparker’ stimulates the fermentation of both 
lactate and acrylate to approximately the same 
extent indicates that each ‘sparker’ is acting 
through a common derivative. Certainly enzyme 
systems have been indicated in cell-free extracts of 
ie which can convert all the activators into a 
common compound, namely acetyl-coenzyme A 
(acetyl-CoA). J. N. Ladd (unpublished work) has 
shown that extracts of Lo catalyse a reaction 
between ATP [and presumably ADP because of 
myokinase activity (Oliver & Peel, 1956)] and 
acetate in the presence of hydroxylamine to yield 
acetyl hydroxamate and orthophosphate in equal 
amounts, indicating the presence of acetokinase 
(Rose, Manago, Korey & Ochoa, 1954), and Walker 
(19586) has obtained evidence for the presence of a 
phosphotransacetylase in tc. Peel (1955) found 
that extracts of Lc break down pyruvate anaero- 
bically to hydrogen, carbon dioxide and acetyl 
phosphate, and Walker (1958b) observed that 


Pyruvate == 


CO, + 
H,+ ~ 
Acetyl-X 
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similar extracts, treated with Dowex-l, did not 
produce hydrogen from pyruvate unless catalytic 
amounts (30 units) of Co A were added, suggesting 
that acetyl-Co A is an intermediate in this type of 
pyruvate breakdown. It seems likely that, in view 
of the coupled oxidation—reduction reaction 
between lactate and acrylate, the ‘sparking’ of the 
fermentation of one by the other is synonymous 
with their ‘sparking’ by pyruvate. The require- 
ment for a high-energy ‘sparker’ is reflected in the 
fact that AMP is inactive in the system. 

The coupled oxidation—-reduction reaction be- 
tween [2-4C]lactate and acrylate catalysed by 
extracts dialysed overnight is described by 
equations (3) and (4). 


CH,-“CH(OH)-CO,H + CH,:CH-CO,H 
+ CH,*“CO-CO,H+CH,*CH,*CO,H (3) 


CH,:“CO-CO,H > CH,-“CO,H+H,+CO, (4) 


Lactate and acrylate react to form pyruvate and 
propionate. In the presence of phosphate ions, Lc 
breaks down pyruvate to acetate, hydrogen and 
carbon dioxide, whereas in the absence of phos- 
phate, as in the experiment with imidazole buffer, 
pyruvate accumulates. All the acetate and pyruv- 
ate were derived from lactate and all the pro- 
pionate from acrylate (Table 4). 

It seems to be of significance that the coupled 
reaction between lactate and acrylate can account 
for all the products of fermentation of either sub- 
strate. Dialysed extracts catalyse the coupled 
reaction without further additions, whereas ex- 
periments with short-term dialysed extracts 
suggest that the substrate must be activated in 
some way before fermentation of either compound 
alone can take place. Since all the activators are 
either high-energy compounds or can give rise to 
high-energy compounds the logical interpretation is 
that the ‘sparkers’ provide the energy required for 
the conversion of the substrate into its active form 
as a preliminary for the interconversion of lactate 
and acrylate, i.e. lactate cannot be fermented unless 
it can furnish a hydrogen acceptor, namely acryl- 
ate, and this reaction requires activation. Simi- 
larly, acrylate cannot be fermented until it can 
furnish a hydrogen donor, namely lactate. 


=> Propionate 


Lactyl-X 


Acetate 


Fig. 2. 


A possible mechanism for lactate and acrylate fermentation by Lc. —, Pathway of lactate fermentation; 


-- -, pathway of acrylate fermentation. 
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A possible fermentation sequence is outlined in 
Fig. 2. However, we do not wish to exclude the 
possibility that during normal fermentation the 
coupled reaction between lactate and acrylate and 
the subsequent breakdown of pyruvate proceed via 
activated derivatives. Recently E. R. Stadtman & 
P. R. Vagelos (personal communication) working 
with C. propionicum have shown that the inter- 
conversion of acrylate and propionate proceeds via 
their Co A derivatives and have demonstrated the 
interconversion of acrylyl-Co A and lactyl-Co A 
with extracts of a propionate-oxidizing Pseudo- 
monas sp. It is tempting to think that the key 
compound, depicted in Fig. 2 as acetyl-X, is in fact 
acetyl-Co A. This would be regenerated as each 
substrate molecule is fermented and would activate 
the remaining substrate by transfer of its CoA 
group. It is of interest that Stadtman (1953) has 
shown that the coenzyme A transphorase of 
Clostridium kluyveri is active towards lactate. 

Arsenate probably inhibits lactate and acrylate 
fermentations by draining high-energy acyl com- 
pounds from the system by an arsenolytic reaction 
possibly via phosphotransacetylase. This view is 
supported by the finding that in the presence of 
10 mm-arsenate, which inhibits both lactate and 
acrylate fermentation completely, the coupled 
reaction between lactate and acrylate could still 
proceed with the production of hydrogen in amounts 
greater than the amount of limiting substrate 
added. It seems reasonable to suppose that 
pyruvate produced by the oxidation—reduction 
reaction was broken down to acetyl phosphate 
faster than the arsenolysis reaction could remove 
the latter, thus allowing some of the remaining sub- 
strate to be fermented. 

The remaining inhibitors studied, DNP, azide 
and hydroxylamine, would appear to act on the 
interconversion of lactate and acrylate. The con- 
centrations of hydroxylamine which produce com- 
plete inhibition of fermentation are far too low for 
it to act by fixing high-energy acyl compounds as 
hydroxamates. 

The concentrations of DNP and azide which 
completely inhibit the fermentations are of the 
same order as those required to uncouple oxidative 
phosphorylation in mitochondrial systems. It is of 
particular interest that the effects of DNP and azide 
on the fermentations were demonstrated with pre- 
parations which had been centrifuged at 144 000g 
for 1 hr. and which were presumably particle-free. 
As yet it is impossible to state whether phos- 
phorylation coupled to electron transport is essential 
for the fermentation to proceed. 


SUMMARY 


1. Cell-free extracts of the rumen organism LC 
ferment lactate and acrylate at the same rates to 
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yield hydrogen, carbon dioxide, acetate and pro. 
pionate in the same proportions. 

2. Dialysis of the extracts for 4-6 hr. abolished 
the fermentation of both substrates but activity 
was restored by the addition of ‘sparker’ amounts 
of adenosine tri- or di-phosphate, pyruvate or 
acetyl phosphate. Further, acrylate ‘sparked’ 
lactate fermentation and lactate ‘sparked’ acetyl. 
ate fermentation. 

3. Extracts dialysed for 16hr. fermented 
neither substrate even on addition of ‘sparkers’ 
but catalysed an oxidation—reduction reaction 
between lactate and acrylate, yielding pyruvate and 
propionate as the immediate products. 

4. Lactate fermentation by undialysed extracts 
was completely inhibited by 2 mm-arsenate, 100 um. 
hydroxylamine, 20 uM-2:4-dinitrophenol and 2 mx. 
azide. Acrylate fermentation was completely in. 
hibited by 10 mm-arsenate, 20 .m-hydroxylamine, 
10 uM-2:4-dinitrophenol and 200 um-azide. Centri- 
fuging the extracts at 144 000g for 1 hr. did not 
affect their sensitivity to the inhibitors. 

5. The enzymes lactate oxidase and acrylate 
reductase were demonstrated in crude extracts. 
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Studies on Gastric Proteolysis 


2. THE NATURE OF THE ENZYME-SUBSTRATE INTERACTION RESPONSIBLE 
FOR GASTRIC PROTEOLYTIC pH-ACTIVITY CURVES WITH TWO MAXIMA* 


By W. H. TAYLOR 
Department of Clinical Biochemistry, Radcliffe Infirmary, University of Oxford 


(Received 23 July 1958) 


Human gastric juice and swine and calf gastric- 
mucosal extracts have been shown to digest 
proteins other than egg albumin with two and 
occasionally three pH maxima below pH 5, under 
experimental conditions which exclude the possi- 
bility that the maxima result from the presence of 
buffer anions or of more than one substrate com- 
ponent (Taylor, 1956, 1959). 

The two maxima result therefore from the inter- 
action of a gastric proteolytic enzyme or enzymes 
with the substrate. The nature of this interaction is 
now investigated further. 


THEORETICAL 


There are at least nine possible ways in which a 
pH-activity curve with two maxima could be 
produced. 

(1) Two separate enzymes (E, and E,) may be 
present, each attacking the protein substrate at 
different optimum pH values: 


E,+S >E,S 
E,+8 + E,S 


This explanation has been adopted, initially at 
least, by others who find that two pH maxima 
genuinely occur (e.g. Freudenberg, 1940; Buchs, 
1947; Merten & Ratzer, 1949). The two enzymes 
are considered to be pepsin and a cathepsin. 

(2) A single enzyme may be present which 
possesses two types of active centre, each attack- 
ing the same site or sites of the substrate optimally 
at different pH values. 


2E,1, +28 > E,S+E,8 


* Part 1: Taylor (1959). 


(3) A single enzyme with two types of active 
centre may attack, with each, a different type of 
substrate site. 


on 9a yo ,@ 
2Eg+n + 2z+y = E,8,+ E,8, 


(4) A single enzyme with only one type of active 
centre may attack the substrate molecule at two 
different types of site. 


2E + 2S,,, > ES,+Es, 


These four hypotheses have in common the idea 
that 
result from enzyme-—substrate interaction at two 
different sites. 

The remaining hypotheses postulate that two 
maxima may result from enzyme-substrate inter- 
action at a single type of site. 

(5) A single enzyme with only one type of active 
centre may attack the substrate molecule at only 
one site but, because of the presence of an inhibitor 
with optimum activity at a pH between 2-5 and 
3-2, a digestion optimum in this region might be 
converted into a minimum with maxima on either 
side. 

(6) No attempt has yet been made to extend the 
theories which account for the origin of single pH. 
maxima to the special case of double maxima. The 
classical explanation of the effect of pH upon 
enzyme activity is that of Michaelis (1914), who 
found that pH-activity curves could be accurately 
calculated on the assumption that the enzyme was 
a weak acid or base and that the activity was due 
either to the ion or the undissociated molecule, 
depending on the nature of the enzyme. In terms 
of the more modern zwitterionic theory one may 
postulate, for example, an active part of the 
enzyme consisting of basic and acidic groups 
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NH,*---CO,-. When acid is added, inactive 
NH,+---CO,H is formed; with alkali, inactive 
NH, ---CO,-. In such a case the typical bell- 
shaped symmetrical pH-activity curve so often 
seen would be predicted. If either of the last- 
named two forms happened to be the active one, a 
bell-shaped curve would similarly be obtained, one 
limb being due to the formation of inactive 
zwitterion and the other to denaturation of the 
active form at the extremes of pH. In order to 
explain a double maximum in terms of ionic effects 
it is necessary to postulate that at least two ionic 
forms of the enzyme are active, e.g. NH,---CO,- 
and NH,* ---CO,H, with the intermediate zwitter- 
ion, NH,* ---CO,~, inactive. 

(7) It has been observed (Northrop, 1922; 
Kunitz & Northrop, 1934) that the pH optimum of 
endopeptidases such as pepsin varies with different 
protein substrates, and the classical theory of 
Michaelis has been extended to account for this by 
postulating that the active ionic form of the 
enzyme can combine with only one ionic form of 
protein substrate. For pepsin, evidence from 
titration curves (Northrop, Kunitz & Herriott, 
1948) indicates that it is the positive protein sub- 
strate ion that is involved. The occurrence of a 
double pH maximum might therefore be postu- 
lated if, for example, both positive and negative 
substrate ions could form active enzyme-substrate 
complexes but not the intermediate protein 
zwitterion 

E+St > Est 
E+S +ES" 


(8) Gutfreund (1955) and Hammond & Gutfreund 
(1955) have shown that when trypsin and chymo- 
trypsin act upon synthetic substrates with a single 
hydrolysable bond, the reaction of the enzyme with 
its substrate involves two separate steps, first an 
initial fast adsorption at the specificity site and 
secondly a slow, rate-determining step involving a 
reaction at the catalytic site, which are independent 
of each other. It has been found that the Michaelis 
constant, K,,, is the true dissociation constant of 
the initial step and varies with pH. Similarly, the 
rate constant for the second step is also dependent 
on pH. The resulting pH maximum is the resultant 
of these two separate effects. In these examples 
with trypsin and chymotrypsin, the two effects are 
simple and combine to give a typical single pH 
maximum. Clearly, however, if the variation of one 
or both of these factors were complex, as when 
papain hydrolyses «-benzoyl-L-argininamide (Smith, 
Finkel & Stockell, 1955), and the K,, at 38-3° 
undergoes two minima and a maximum between 
pH 4 and 9, or if the simple pH effects on each step 
were optimum at widely differing pH values, a 
double pH maximum might arise. 
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(9) Lastly, it is probable that the action of 
pepsin upon proteins is a complex one. After ap 
initial splitting of the molecule at one or mor 
points, it may be that the products are themselves 
further attacked by the enzyme. If the latter 
reaction has a different pH maximum from that of 
the initial reaction the overall process might show 
two maxima at different pH values. 


AtonepH E+S—>ES—>E+P 
E+P > EP > E+Q+R, ete. 


Experiments designed to distinguish between 
these various hypotheses are now described. 


At another 


EXPERIMENTAL AND RESULTS 


The materials and methods used have been de. 
scribed previously (Taylor, 1957, 1959). 


Attempts to separate pepric and ‘catheptic’ activities 


Fractionation with salt solutions. Repeated 
fractionation of normal human gastric juice and 
swine mucosal extracts with ammonium sulphate, 
sodium chloride and magnesium sulphate and with 
combinations of all three have failed to achieve 
separation of the two maxima. Treatment with 
these salt solutions sometimes caused the ratio of 
proteolytic activity at the two maxima to vary 
(Table 1), and such alterations were examined 
carefully lest partial separation were occurring. 
However, a rise in peptic or ‘catheptic’ activity 
relative to the other in a precipitate or supernatant 
was not usually counterbalanced by a relative 
rise of activity at the other maximum in the 
corresponding supernatant or precipitate. It is 
concluded therefore that variations of the peptic 
‘catheptic’ ratio could not be interpreted as 
removal or partial separation of either component, 
but rather as the destruction or inactivation of the 
activity at one or other maximum. 

Adsorption studies. Attempts were made to 
adsorb material responsible for one or other pH 
maximum on calcium phosphate gel and _ ion- 
exchange resins. The former is perhaps not ideal for 
the purpose, because formation of the gel is only 
possible at pH values which also slowly inactivate 
both postulated enzymes. However, by carrying 
out the adsorption at as low a temperature, as low 
a pH and for as short a time as possible, it was 
found that activity could be obtained both in the 
supernatant material and in the eluate from the 
adsorption complex (Table 1). In all experiments, 
however, it was found that the eluate, the super- 
natant and the original juice had very similar pH- 
activity curves, each with two maxima. No 
separation of peptic and ‘catheptic’ activities was 
therefore achieved by this technique. 
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Wilkinson & Martin (1946) were able to demon- 
strate the action of pepsin upon egg albumin after 
its adsorption upon Amberlite IR-4. It is known 
that pepsin is an anion, at least as low as pH 1 
(Ringer, 1915; Northrop, 1925; Tiselius, Henschen 
& Svensson, 1938), and it might therefore be 
expected that separation from ‘cathepsin’ could be 
achieved at low pH with a suitable resin. Gastric 
juice was therefore shaken intermittently for 3 hr. 
with the activated resins Amberlite IR-4 and 
De-Acidite FF. The resins were then removed by 
centrifuging and eluted. In each case activity was 
present in both supernatant and eluate (Table 1), 
but no separation of peptic and ‘catheptic’ 
activities was obtained, nor were the ratios of 
activity at the optima altered in such a way as to 
suggest even a partial separation of one or other 
activity (Fig. 1). Lack of separation would 
suggest one of two possibilities: either ‘cathepsin’ 
isalso an anion at low pH or ‘peptic’ and ‘cathep- 
tic’ activities are part of the same molecule. 

Electrophoresis in the Tiselius apparatus. Normal 
gastric juice and mucosal extracts contain proteins 
other than enzymes, particularly mucoproteins, 
which can only be removed with difficulty. .The 
techniques which have been used for this purpose 
(ee Northrop et al. 1948) sometimes alter the 
properties of the enzymes that are present. 
Acetone precipitation of mucoprotein, for example 
(Norris & Elam, 1940), inactivates or destroys the 
‘catheptic’ activity, yielding pepsin crystals with 
only one pH maximum, around 2-0, instead of two, 
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so that purification in this way results in the 
elimination of the very activity which it is hoped 
to separate. A simpler means of freeing gastric 
juice of its mucoproteins was therefore devised, 
before the juice could be analysed electrophoretic- 
ally. 

The bulk of the mucoprotein of gastric juice can 
be precipitated in the cold around pH 2-5. Such a 
precipitation was combined with the concentration 


0-6 


° 2° 2° 2° 
nN w > w 


Amino acid N released (mg.) 


° 
ps 


0 = 
1 2 3 4 5 
pH 

Fig. 1. Adsorption upon Amberlite IR-4 of the proteolytic 
activity of normal human gastric juice. pH-activity 
curves: O, of original juice; @, of the supernatant after 
removing the resin; (7, of the eluate from the resin. 

Plasma protein as substrate; temp., 37°; time, 3 hr. 


Table 1. Effect of fractionation and adsorption procedures upon the proteolytic activity of 
human gastric juice and swine mucosal extracts at the two maxima 


In this table and in the figures, the amounts of liberated amino acid nitrogen are those in the whole digest, consisting of 
3ml. of buffer, 1 ml. of enzyme extract or gastric juice, and 1 ml. of plasma or of 5% (w/v) albumin. 


Enzyme Substrate 


Hog-stomach extract 

(0-50% ammonium sulphate fraction 
50-100% ammonium sulphate 
fraction 


Plasma protein 


Human serum 
albumin 


Human gastric juice 


50-100% NaCl fraction 
Supernatant from 100% NaCl 
fraction 


Human gastric juice 
0-50% magnesium sulphate fraction 
50-100% magnesium sulphate 


Plasma protein 


Human gastric juice 
Eluate from calcium phosphate gel 
Supernatant after adsorption on gel 


Plasma protein 


Human gastric juice 
Eluate from Amberlite IR-4 
Supernatant after adsorption 


Plasma protein 


pH liberated pH 
maximum 


Amino 
acid N 
liberated 
(mg.) 
0-61 
0-17 
0-58 


Amino 

acid N Peptic/ 

‘catheptic’ 
ratio 
1-03 
1-35 
1-00 


(mg.) maximum 


0-63 3°3 
0-23 3-3 
0-58 3:3 
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of the juice by dialysis against 50% (w/v) gum 
arabic. Dialysis at 0-5° and at pH 2-5 was con- 
tinued until the juice was reduced to one-fiftieth of 
its original volume. The resulting supernatant 
liquid was very powerfully proteolytic and di- 
gested human-serum albumin with two maxima at 
pH 2-0 and 3-6. It no longer gave Molisch’s test 
and did not reduce Benedict’s solution upon 
hydrolysis. Its mucoprotein content was therefore 
thought to be minimal. 

Two experiments were carried out in the Tiselius 
apparatus on different batches of gastric juice 
prepared in this way. Both showed at pH 2-5 in 
33 mm-acetate—HCl buffer one major component 
moving slowly towards the anode and a smaller 
component also moving towards the anode. The 
PH of 2-5 was chosen in order that pepsin alone 
would be likely to migrate to the anode, whereas 
mucoprotein and any other proteolytic enzymes 
might move to the cathode. Samples of the two 
migrating components were obtained separately in 
the usual way and their proteolytic pH-activity 
curves ascertained (Fig. 2). 

Although both are apparently homogeneous 
electrophoretically at pH 2-5, they each exhibited 
two pH maxima. The maxima of the original juice 
and of the larger anodal component had similar 
pH values, but those of the smaller component were 
different, occurring at somewhat lower pH values. 
Pepsin is the only known component of gastric 
juice which is an anion at a pH as low as 2-5. It 
seems likely therefore that both components were 
chiefly or wholly pepsins, rather than inert proteins 
with a small amount of adsorbed enzyme(s) 
attached as an impurity, and these experiments 
would suggest that, in its natural state, each 
pepsin component carries out its proteolytic 
activity with maxima at two different pH values. 
Again no evidence was obtained to support the 
existence of a separate ‘cathepsin’ in gastric juice. 

Ultracentrifugal studies. It is known that in 
gastric mucous membrane, pepsin exists mainly as 
pepsinogen granules in the chief cells, and that 
when an aqueous extract is made, these granules or 
at least the pepsinogen from them, go into solution. 
The location of ‘catheptic’ activity is, however, 
unknown. Cathepsins are usually only to be found 
intracellularly, and if gastric ‘cathepsin’ were to be 
bound to cell particles other than the pepsinogen 
granules, differential ultracentrifuging of mucosal 
extracts might separate peptic and ‘catheptic’ 
activities. Accordingly, normal gastric mucosa was 
obtained within 2 hr. of death from a subject who 
had suffered fatal injury on the roads. An extract 
of it in 2% (w/v) NaCl, at 0°, was subjected, after 
removal of debris by centrifuging at 2000 rev./min. 
for 20 min., to 38 000 g for 30 min. in the Spinco 
ultracentrifuge. Four layers were now obtained, 
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a clear supernatant layer, a layer consisting mainly 
of microsomes, a layer mainly of mitochondria and 
a layer mainly of partly damaged cells. The com. 
ponents of each layer of the precipitate were 
identified microscopically but there was contani- 
nation of each layer and of the supernatant by 
particles of other layers engulfed in shreds of 
mucus. 

The proteolytic activity of each of these layers is 
shown in Fig. 3. It will be observed that the 
original extract and the clear supernatant layer 


0-4 


Amino acid N released (mg.) 


3 
pH 


Fig. 2. pH-activity curves of two anodal-moving com. 
ponents separated from concentrated human gastric 
juice in the Tiselius apparatus. @, Major, faster com- 
ponent, mobility 2-99 x 10-* cm.?/v/sec.; ©, minor, 
slower component. Electrophoresis was carried out in 
33 mm-acetate buffer, pH 2-5. Protein concentration, 
0-51 g./100 ml. Human serum albumin as substrate; 
temp., 37°; time, 3 hr. 


0-8 


Amino acid N released (mg.) 


pH 


Fig. 3. pH-activity curves of normal human gastric- 
mucosal extract and of cell particles obtained from it by 


differential ultracentrifuging. @, Original extract; 
A, supernatant layer from ultracentrifuge; O, micro- 
somal layer; A, mitochondrial layer. Human serum 
albumin as substrate; temp., 37°; time, 3 hr. 
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wach have two pH maxima and that the mito- 
shondrial layer shows slight activity, without well- 
defined maxima, between pH2 and 4. This 
probably results from contamination with the 
aupernatant fluid. The microsomal layer could only 
ie obtained mixed with supernatant fluid, from 
yhich it could not be distinguished proteolytically. 
These findings would indicate that proteolytic 
activity at pH 3—4 cannot be easily separated from 
that at pH 2 by differential centrifuging and is 
therefore unlikely to be bound to cell particles. 


Attempts to vary activity independently 
at the two pH maxima 


If the activity at one pH maximum could be 
itered without altering that at the other, support 
vould be given to those explanations of double- 
maximal pH-activity curves which postulate a 
double enzyme-substrate interaction. Evidence 
fom the preceding section has already indicated 
that small changes in the ratio of activity at the 
two maxima may be produced by treatment with 
alt solutions, but these changes are non-specific. 
If the maximum at pH 3-3-4-0 is caused by 
‘atheptic’ activity, activation by H,S, cysteine 
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fig. 4. (a2) Effect on the pH-activity curve of saturating 
normal human gastric juice with H,S: @, with H,S; 
O, without H,S. (b) Effect of 33 mm-cysteine upon the 
pH-activity curve of normal human gastric juice: O, 
without cysteine; A, with cysteine. Human serum 
albumin as substrate; temp., 37°; time, 3 hr. 
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or the cyanide ion might be expected. Repeated 
observations with concentrations of these sub- 
stances over a tenfold range have shown, however, 
that cysteine exerts no effect on either pH maxi- 
mum (Fig. 4) but that H,S and the cyanide ion 
mildly activate both maxima equally. The activity 
at both maxima is also rapidly destroyed by incu- 
bating at 37° for short periods at pH values greater 
than 7. No differential effects on either maximum 
have thus been demonstrated. 


Chromatographic analysis of digestion mixtures 


If the optimum proteolytic activity of gastric 
juice at pH 3-3-4-0 is in fact due to a second 
‘catheptic’ enzyme it might be expected that the 
peptide or amino acid end-products of its action 
would differ from those obtained at pH 2-0 by the 
action of pepsin. Accordingly, the digestion mix- 
tures of gastric juice and plasma at pH 2-2 and 4-0 
(Table 2) were analysed chromatographically on 
paper. It is seen that there are several differences 
in the number, size and distribution of the spots. 
The constituents of individual spots have not been 
analysed but it is apparent that with both samples 
of gastric juice, digestion, as judged by the end 
products, runs a different course at the peptic and 
‘catheptic’ pH maxima. 

These observations confirm and extend those of 
Bramstedt & Kréger (1954) and give support to 
those theories which postulate two distinct types of 
site for enzyme-substrate interaction. 


Preparation of a homogeneous gastric proteinase 
exhibiting two pH maxima 

The proteolytic pH—activity curve exerted by a 
homogeneous gastric proteinase should provide 
important evidence about the nature of the two pH 
maxima. Attempts to prepare from human gastric 
juice or mucosal extracts a pepsin satisfying the 
necessary criteria of homogeneity were unsuccessful 
because of scarcity of material. The best achieved 
were the apparently homogeneous anodal-moving 
electrophoretic components described above. Cryst- 
alline swine pepsin is commercially available, 
however, and contains two principal components 
which account for about 96% of the whole 
(Herriott, Desreux & Northrop, 1940; Hoch, 1950). 
It is a suitable material from which pepsin A can be 
prepared (Herriott et al. 1940; Herriott, 1955). 

Crystalline swine pepsin (Armour and Co., IIl., 
U.S.A.) was found to contain two electrophoretic 
components on paper at pH 3-5 in 0-2M-acetate 
buffer, pH 7-9, in 0-1m-diethyl barbiturate buffer. 
At both pH values both components move to- 
wards the anode, as would be expected of pepsin. 
The pH-activity curves which result from the 
action of this sample of crystalline pepsin upon 
plasma, bovine crystalline plasma albumin, bovine 
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Table 2. Paper chromatography of products resulting from the action of two samples of 
normal human gastric juice on plasma protein at pH 2-2 and 4-0 at 37° for 2 hr. 


Chromatogram in 78% (w/v) phenol—water, ninhydrin stain. The symbols + to + + ++ are a semiquantitative injj 


cation of the size and density of the spots. 
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Fig. 5. pH-activity curves of crystalline swine pepsin 
(Armour and Co.) upon protein substrates. Temp., 37°; 
time, 3hr. A, Crystalline bovine plasma albumin; 
@, crystalline bovine plasma albumin fraction V; A, 
plasma protein; O, egg albumin. Enzyme concentration 
10 mg./100 ml. of digest. 


plasma albumin fraction V and egg albumin are 
shown in Fig. 5. Double maxima are found with 
each substrate other than egg albumin. These 
results resemble those reported for human gastric 
juice and swine gastric-mucosal extracts (Taylor, 
1959). Pepsin A, prepared from crystalline 
pepsin, consisted of only electrophoretic 
component at the same two pH values. When 
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subjected to a constant-solubility test in 0-6) 
saturated magnesium sulphate solution and 20 mx. 
acetate buffer, pH 4-8 (Taylor, 1959), only one 
component was present. This sample of pepsin A 
digests itself, heat-denatured plasma albumin 
fraction V and heat-denatured crystalline plasma 
albumin with two maxima (Taylor, 1959). 

In these instances it seems likely that a single 
enzyme component is attacking a single substrate 
component and in each instance the pH-—activity 
curve has two pH maxima. There is thus positive 
evidence that a double pH maximum may arise 
from a pure enzyme derived from swine gastric- 
mucosal extracts. There is therefore no necessity to 
postulate the existence of a second ‘catheptic’ 
enzyme in the pig to account for the maximum at 
pH 3-3-4:0 which has been previously observed 
with swine gastric-mucosal extracts, and by 
analogy the existence of a human gastric ‘cathep- 
sin’ would seem to be unnecessary, thus reinforcing 
the evidence leading to this conclusion which has 
already been derived from the electrophoretic 
experiments on human gastric juice. 


Enzyme and substrate titration curves 


If the two maxima result from the inactivity of 
the zwitterionic form of the enzyme and the activity 
of the anionic and cationic forms (hypothesis 6), or 
from the inability of the enzyme to form an active 
complex with the substrate zwitterion but only 
with the anionic and cationic forms of the sub- 
strate (hypothesis 7), it should be possible, by 
observing the titration curves of the enzyme, the 
substrates and mixtures of the two, to find out 
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Fig. 6. Titration curves of: 7, bovine plasma albumin 
fraction V; A, egg! albumin; M, pepsin A; and of 
immediately titrated mixtures of substrate with enzyme 
at room temperature. @, Egg albumin+pepsin A; 
O, fraction V + pepsin A. For each the ordinate repre- 
sents the volume of acid required to bring the system to 
the pH of the abscissa, in excess of that required to bring 
an equal volume of water to the same pH. Initial con- 
centration of substrates, 0-1 g./100 ml. Initial concen- 
tration of pepsin A, 0-2 g./100 ml. (approx.). 


whether there is any coincidence of the pH maxima 
with the pH range over which the enzyme, the 
substrates or mixtures of both exist in anionic, 
cationic or zwitterionic forms. In Fig. 6 titration 
curves of pepsin A, substrates and immediately 
titrated mixtures of enzyme and substrate are 
shown. With pepsin A it is seen that the steepest 
part of the titration curve occurs between pH 3-5 
and 4-5, that is to say, at the pH range over which 
proteolytic activity of the enzyme falls most 
markedly. Whatever the ionic form of the enzyme 
that is being produced, it is clearly an inactive 
form, in comparison with the form existing at 
pH 2:5. There are no inflexions in the titration 
curve in the range pH 2-0—3-5, which might indi- 
cate that the two maxima found within this range 
could be caused by the activity of different ionic 
forms of enzyme. These results would in fact fit 
very simply into an explanation of a single pH 
maximum, as Michaelis found, but do not ade- 
quately explain a double maximum. The titration 
curves of substrates are similarly smooth and 
afford no evidence of changes of ionic form that 
could explain the existence of two pH maxima. 
The titration curves of mixtures of pepsin and sub- 
strate similarly provide no help. It may be pointed 
out that even though only one pH maximum is 
found with egg albumin, the titration curves are 
very similar to those of substrates which show two, 
again indicating that an explanation of the double 
pH maximum is not to be found from study of the 
ionic changes of enzyme and substrate with change 
ofpH. It should be noted too that if pepsin A were 
rally a mixture of pepsin and cathepsin it might 
have yielded evidence in the titration curves of its 
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heterogeneity. The lack of evidence of two com- 
ponents is in keeping with the view that only one 
enzyme component, capable of digesting proteins 
with two pH maxima, is present, although not, of 
course, affording definite proof of the absence of 
two. 


Effect of substrate concentration 
upon the pH maxima 


If the existence of two pH maxima were to 
depend upon the different effects of pH upon the 
initial combination of enzyme and substrate and 
upon its subsequent decomposition (hypothesis 8), 
the hypothesis could be tested by using the same 
methods as Gutfreund (1955) and Hammond & 
Gutfreund (1955) used for trypsin and chymotrypsin. 
Unfortunately the first step in such an investiga- 
tion would be the determination of the Michaelis 
constant K,,, for this, if the hypothesis be true, is 
the dissociation constant of the initial step. 
Several attempts have been made to measure a 
Michaelis constant for the reaction of pepsin with 
protein substrates, but in no instance has this been 
satisfactorily achieved. Such a result is not 
surprising when it is remembered that a protein 
substrate presents several different peptide bonds 
for hydrolysis and that these may perhaps be 
attacked at differing stages or in differing se- 
quences. It was found that the initial velocity (v) 
for digestion of protein substrates is not related to 
the substrate concentration (s) in such a way that 
1/v plotted against 1/s yields a straight line (Line- 
weaver & Burk, 1934). It is thus not possible to 
pursue, after the manner of Gutfreund and Ham- 
mond, the hypothesis under investigation. Simple 
synthetic substrates cannot be used as they give 
only one pH maximum. 

The problem can fortunately be attacked from 
another angle. If the initial reaction of enzyme and 
substrate has a dissociation constant which varies 
with pH, the effect of pH can be minimized by 
carrying out the reaction at high substrate concen- 
trations, so that the initial velocity (v), whatever 
the pH, approaches the maximal velocity (V) and is 
therefore more or less the same at any individual 
pH value, provided that none of the enzyme or 
substrate has become inactivated by change of pH. 
If the effect of pH upon the initial step can thus be 
eliminated or reduced, the effect upon the pH— 
activity curve would be to reduce or eliminate one 
of the maxima, if, as is supposed, one of them 
depends upon this reaction. Fig. 7 shows the 
effect of substrate concentration upon the two 
maxima which occur when gastric juice and 
crystalline bovine plasma albumin interact. It 
will be observed that although the maximum in the 
region of pH 2 shifts to a slightly higher pH at the 
highest albumin concentration, the two maxima 
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are still well delineated. It may be noted that the 
ratio of activity at the two maxima (pH 3-2:pH 2-0) 
falls as the substrate concentration rises. This 
indicates that activity at the maximum around 
pH 2-0 rises more rapidly with increasing substrate 
concentration than at the higher pH maximum, 
and implies that hydrolyses at the two maxima are 
chemically different processes. The curves do not, 
however, provide evidence to support the hypo- 
thesis that the two maxima are caused by differ- 
ential effects of pH upon two different steps in an 
essentially single hydrolytic process. 


Digestion of partially digested protein substrates 


To investigate the hypothesis that the pH 
optimum of initial proteolysis might differ from the 
optimum for subsequent splitting of the products of 
initial proteolysis and in this way cause an overall 
pH-activity curve with two maxima, experiments 
have been carried out on the pH—activity curves for 
digestion by gastric juice of previously partly 
digested substrates. Fig. 8 shows such a curve for 
the digestion of plasma which had been incubated 
with gastric juice for 1 hr. at pH 3-8 and at 37°. It 
will be observed that digestion is relatively slight 
and that only a faint pH maximum is discernible 
in the region of pH 2, but that there is an un- 
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Fig. 7. Effect of substrate concentration upon the pH- 
activity curves of normal human gastric juice digesting 
crystalline bovine plasma albumin; temp., 37°; time, 
3hr. @, 0-2 g./100 ml. of digestion mixture; O, 0-4 g./ 
100 ml.; A, 1-6 g./100 ml. 
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1954 
mistakable maximum at pH 3-7. This seems tp 
indicate that digestion in the region of pH}; 
continues to occur optimally even after | hy, 
whereas digestion at pH 2 is carried out withou 
any optimum once it has been initiated at pH 34, 
The reverse experiment, digestion at varying pH 
values after preliminary digestion at pH 23 
yields a curve with three maxima. These exper. 
ments require further work for their proper inter. 
pretation, but they do not provide evidence that of 
the two pH maxima, one arises from a rapid pro. 
teinase action with only a little further splitting of 
the polypeptide products and the other from only 
a relatively slow proteinase action with rapid 
splitting of the polypeptides liberated. 

If one of the maxima were caused by a rapid 
proteinase action it would be expected that; this 
maximum alone would be present after short 
periods of digestion. It has been found, however, 
that two distinct maxima occur with digestion 
periods of as little as 10 min. (Buchs, 1947), and 
that variation of the digestion time between 30 min. 
and 6hr. is without appreciable effect upon the 
position and relative magnitude of the two maxima 
(Taylor, 1959). There is thus further evidence that 
the hypothesis under investigation is unlikely to be 
correct. 





DISCUSSION 


It seems unlikely that the occurrence of two pH 
maxima in the proteolytic pH—activity curves for 
gastric juice is caused by two separate enzymes, 
pepsin and ‘cathepsin’, for it has not been possible 
to separate the two substances nor to distinguish 
adequately between them from studies on activa- 
tion and inhibition. On the other hand, evidence 


0-3 


° 
N 


o 
ad 


Amino acid N released (mg.) 





pH 
Fig. 8. pH-activity curves for digestion by normal human 
gastric juice of partly-digested plasma protein; temp., 
37°; time, 3hr. @, Previously incubated for 1 hr. at 
pH 3:8; O, previously incubated for 1 hr. at pH 2:3. 
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has arisen, in attempting to separate the two 
postulated enzymes, that electrophoretically homo- 
geneous components of gastric juice may produce 
pH-activity curves of proteolysis with two maxima, 
and that there are two such components. Attempts 
to confirm this evidence, using crystalline pepsin 
as starting material, have shown that the purest 
component of crystalline swine pepsin that could be 
prepared exhibited both pH maxima when acting 
upon a single substrate component. The conclusion 
that two pH maxima result from the action of a 
single enzyme component is thus supported by 
positive evidence as well as by the negative evidence 
of failure to isolate or separate components which 
are responsible for either one of the two pH 
maxima. 

At least three other groups of workers (Buchs, 
1947, 1954; Milhaud & Lepine, 1949; Merten, 
Schramm, Grassmann & Hannig, 1952) have 
attempted unsuccessfully to separate pepsin and 
‘cathepsin’. None has employed all the procedures 
that have been used here. Merten et al. (1952) 
concluded that of three components recognized on 
paper electrophoresis from a hydrochloric acid 
extract of swine mucous membrane, one contained 
the bulk of the pepsin activity but no ‘catheptic’ 
activity, the second gave maxima at pH 1-8 and 3-5 
(haemoglobin as substrate) and the third was 
inactive. Crystalline swine pepsin was investigated 
similarly and found to contain two components, 
one of which exhibited only peptic action and the 
other peptic and ‘catheptic’, thus resembling the 
first two components from the extract. Their 
results differ from those presented here in that a 
pepsin without a ‘catheptic’ action was obtained, 
but are similar in that ‘catheptic’ activity was not 
obtained alone. Buchs (1947) has tried to separate 
peptic and ‘catheptic’ actions by adsorption on 
charcoal, kaolin, fuller’s earth, cholesterol, barium 
sulphate and ferric oxide at widely differing pH 
values, but the two activities always ran in parallel. 
He also prepared crystalline pepsin by Northrop’s 
(1930) method, hoping thus to eliminate ‘cathepsin’, 
but peptic and ‘catheptic’ activities were both 
present in the crystals and markedly so, for 
‘cathepsin’ after ‘reactivation’ by hydrogen 
sulphide or by potassium cyanide. Milhaud & 
Lepine (1949) found that crystalline pepsin (The 
Armour Laboratories, and therefore presumably 
from swine) contained equal amounts of pepsin and 
‘cathepsin’, but that ultracentrifuging did not 
permit separation of the two under the conditions 
employed. They concluded that the two ferments 
have similar molecular weights or that a single 
ferment has double activity. It is apparent that 
the results of many groups of workers lead to 
the conclusion that both pH maxima are the 
function of a single enzyme, and the positive proof 
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attempted in the present investigation enhances 
this possibility. 

Previous attempts to alter the activity at one or 
other pH maximum have given variable results. 
Buchs (1947) found that heating to 70° and 
exposure to uranyl ions inhibited respectively the 
peaks at pH 2-0 and 3-5. These effects were, how- 
ever, explained by Geilenkirchen & Elbers (1950) 
and Crebolder, Engel & Otten (1951) as resulting 
from the more rapid destruction of enzymic 
activity at pH 2-0 with heating and at pH 3-5 with 
precipitation by uranyl ions. Buchs also described 
activation at pH 3-5 but not at pH 2-0 by hydrogen 
sulphide, cysteine and potassium cyanide. Ramer 
(1954) confirmed this, using hydrogen sulphide and 
potassium cyanide. Geilenkirchen & Elbers (1950) 
observed, however, that both pH maxima were 
equally activated by hydrogen sulphide, and this 
conclusion is supported by the results presented 
above. In contrast, Milhaud & Epiney (1951), 
using edestin as substrate, and Merten et al. (1952), 
using haemoglobin, found that hydrogen sulphide 
and cysteine exerted no effect upon either enzymic 
action. The concensus of opinion, other than that of 
Buchs and Ramer, would thus incline towards the 
view that hydrogen sulphide, cysteine and potas- 
sium cyanide do not exert a specific effect upon the 
optimum at pH 3-5. Attempts to vary the activity 
at one or other maximum by the use of specific 
activators or inhibitors does not therefore seem to 
support those hypotheses (1 to 4) that postulate 
two enzymes or two types of active enzyme centre. 
On the other hand the different effects upon the 
two maxima that have been noted during attempted 
fractionation with salt solutions would best be 
explained if two enzymes or two types of enzyme 
centre were present. 

The possible mechanisms by which a single 
enzyme could digest a single protein with two pH 
maxima have not been considered by previous 
workers. The experimental evidence presented 
above lends no support to those mechanisms which 
are modifications of the current hypotheses of the 
origin of pH-activity curves with single maxima. 
Also, in that these modifications imply a single 
site for enzyme-substrate interaction, they are 
negatived by the evidence that different proteo- 
lytic products are formed at the two maxima and 
that increasing substrate concentrations affect the 
rate of proteolysis at the two pH maxima differ- 
ently. It has also been shown that different pH 
optima for digestion of proteins and of proteolytic 
products do not account for the two maxima, even 
though it is established that synthetic peptides are 
split by gastric juice in the range pH 3-5-4-0 
(Taylor, 1959). 

That an inhibitor acting between pH 2-5 and 3-2 
might cause a pH—activity curve with two maxima 
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is also unlikely, for it would mean that the true 
pH optimum of ‘uninhibited’ pepsin is around 2-9, 
whereas values much nearer pH 2 have usually been 
found experimentally in pH-—activity curves with 
only one optimum. In the experiments with 
pepsin A described above, it is unlikely that an 
inhibitor, whether protein or non-protein, could 
be present, for a protein inhibitor would be detected 
as an impurity in the electrophoretic and solubility 
tests, and a smaller molecule would have been lost 
during the dialysis to which pepsin A was several 
times subjected during its preparation. In gastric 
juice or mucosal extracts two possible inhibitors 
might be present, pepsin inhibitor and mucoprotein. 
The former is, however, inactivated rapidly in the 
presence of pepsin with a pH maximum near 3-5 
(Northrop et al. 1948). Since all samples of gastric 
juice used in this investigation have been secreted 
at pH 2-5 or less and stored at between pH 3 and 4, 
it is unlikely that pepsin inhibitor could have been 
responsible for the presence of two pH maxima of 
proteolysis. After removal of at least the major 
part of the mucoprotein, as in the electrophoretic 
experiments, two pH maxima are still found. This 
is in agreement with the observation of Heatley 
(1956) that the peptic activity of swine pyloric 
juice is uninfluenced by the addition of mucoprotein 
previously separated from it. The above evidence, 
taken together, would seem to indicate that two 
maxima may exist in the absence of substances 
that may possibly inhibit gastric proteolysis. 

After excluding the possibilities that two en- 
zymes are present and that interaction of enzyme 
and substrate occurs at only one site, there remain 
three mechanisms for consideration, each involving 
a double enzyme-substrate union. Of these, the 
first, that an enzyme with two active centres may 
attack the same type of substrate site with each 
centre, fails to account for several observed facts: 
it does not explain why different hydrolytic pro- 
ducts are formed at the two pH maxima, nor why 
egg albumin should show only one pH maximum 
with the same sample of gastric juice or pepsin that 
gives two when acting on other substrates, nor 
why only one pH maximum should be shown with 
many synthetic substrates, nor why a wider 
variety of the peptide bonds of insulin should be 
split (Sanger & Thompson, 1953) than would be 
expected from a knowledge of the action of pepsin 
on synthetic substrates. 

The second possible mechanism is the reverse of 
the first, namely that a single enzyme centre should 
attack two sorts of substrate site with different pH 
maxima. This hypothesis would account for 
occurrence of different digestion products at the 
two pH maxima, and for the existence of substrates 
with only one pH maximum, by supposing that in 
such substrates only one substrate site is repre- 
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sented. The hypothesis does not, however, provide 
a very adequate explanation of the present obser. 
vations that gastric juice can be altered by salt 
solutions in such a way that the ratio of activity at 
the two maxima is changed, nor of those of Norris 
& Elam (1940) that the pepsin molecule can be go 
altered by different methods of preparation that 
only one of the two maxima occurs. 

To account adequately for all the observations 
presented in this paper and for the results of 
previous workers, it is necessary to adopt the third 
explanation that two active enzyme centres each 
attack two different types of substrate bond 
maximally at different pH values. The production 
of curves with single maxima as a result of modi. 
fying the enzyme may then be explained as an 
inactivation of one of the enzyme centres. The 
results of Baker (1951) on the hydrolysis by pepsin 
of synthetic peptides lend additional support to 
this explanation. She divides the synthetic sub. 
strates of pepsin into two groups, ‘those in which 
a phenylalanine or tyrosine residue is linked to 
certain non-aromatic amino acids and those in 
which two aromatic amino acid residues are linked 
to each other’. The first are hydrolysed slowly by 
pepsin with a pH optimum around 4, whereas those 
in the second group are hydrolysed rapidly with a 
pH optimum between 1-8 and 2-0. There is thus 
independent evidence of the existence of two types 
of substrate site which may each be attacked at the 
two different pH values at which proteins are 
maximally digested. 

The evidence which is at present available thus 
favours the hypothesis that pepsin has two active 
enzyme centres which attack substrates at two 
particular groups of peptide bonds, and that a 
separate gastric cathepsin does not exist. Final 
proof of the existence of two enzyme sites can, 
however, only be obtained either by a complete 
knowledge of the structure of pepsin and identifica- 
tion of the sites, or by the fragmentation of the 
pepsin moiecule into units that possess only one of 
the active sites. In other words, pepsin and 
‘cathepsin’ have still to be separated, but now from 
fragments of a single molecule. 


SUMMARY 


1. Fractionation of human gastric. juice and 
swine gastric-mucosal extracts with ammonium 
sulphate, sodium chloride and magnesium sulphate 
has failed to achieve separation of enzymes re- 
sponsible for the two proteolytic pH maxima which 
these materials exert at values below pH 5-0; nor 
could separation be achieved by adsorption on 
calcium phosphate gel, on ion-exchange resins, by 
electrophoresis in the Tiselius apparatus and by 
differential ultracentrifuging. 





achieve 
of acti 





1959 


TOvide 
obser 
»Y salt 
vity at 
Norris 
1 be go 
n that 


rations 
ults of 
> third 
S each 

bond 
uction 
modi. 
as an 
3. The 
pepsin 
ort to 
¢ sub- 
which 
ced to 
ose in 
linked 
vly by 
those 
with a 
3 thus 
types 
at the 
1S are 


> thus 
active 
t two 
hat a 
Final 
3 can, 
nplete 
tifica- 
of the 
one of 
1 and 
y from 


» and 
mium 
phate 
28 Te- 
which 
); nor 
m on 
as, by 
id by 


Vol. 71 


9, During electrophoresis of gastric juice, two 
anodal-moving homogeneous components at pH 2-5 
were isolated. Each digested proteins with two pH 
maxima below pH 5-0. The maxima of the smaller 
emponent occurred at lower pH values than the 
corresponding maxima of the larger. 

3. Hydrogen sulphide caused an _ increased 
liberation of amino groups by gastric juice from 
human serum albumin at all values between pH 1-5 
and 5-0. Cysteine was without effect on proteolysis 
over this range. 

4, The ratio of activity at the two pH maxima 
was changed during treatment of gastric juice with 
alt solutions, indicating that one maximum could 
be altered independently of the other. 

5. Paper-chromatographic analysis revealed that 
the end products of digestion at the two maximal 
pH values are different. 

6. Crystalline swine pepsin, like human gastric 
juice, digests plasma protein, bovine crystalline 
plasma albumin and bovine plasma albumin 
fraction V, with two pH maxima below pH 5-0, but 
egg albumin with only one. Pepsin A was isolated 
fom crystalline pepsin, was found to be homo- 
gneous by paper-electrophoretic and solubility 
tests, and to digest single component substrates 
with two maxima. 

7. Attempts to explain the existence of two pH 
maxima in terms of enzyme-substrate union at a 
single site were unsuccessful. 

8. It is suggested that the two proteolytic pH 
maxima which may be exhibited by gastric juice 
and gastric mucosal extracts below pH 5-0 result 
fom the action of a single enzyme, pepsin, which 
achieves this effect because it possesses two sorts 
of active centre, each of which attacks maximally 
at a different pH a different type of substrate 
site. 
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Studies on Gastric Proteolysis 


3. THE SECRETION OF DIFFERENT PEPSINS BY FUNDIC 
AND PYLORIC GLANDS OF THE STOMACH* 


By W. H. TAYLOR 
Department of Clinical Biochemistry, Radcliffe Infirmary, University of Oxford 


(Received 31 July 1958) 


It has been shown (Desreux & Herriott, 1939; 
Northrop, Kunitz & Herriott, 1948; Hoch, 1950; 
Merten, Schramm, Grassmann & Hannig, 1952; 
Taylor, 1956, 19596) that crystalline swine pepsin 
contains more than one proteolytically active 
component. Merten et al. (1952) and Taylor 
(19596) have also found more than one proteolytic 
component in pooled human gastric juice. The 
latter described two electrophoretically homo- 
geneous components of human gastric juice which 
moved to the anode at pH 2-5 in the Tiselius 
apparatus and thus resembled pepsin. Each com- 
ponent digested serum albumin with two pH 
maxima, one near pH 2 and the other near pH 3-5. 

The origin of these active components of 
crystalline pepsin and gastric juice has not been 
satisfactorily settled. As Northrop et al. (1948) 
point out, crystalline pepsin from a single indi- 
vidual animal has never yet been isolated, so that 
different components may represent nothing more 
than pepsins from the different individuals who 
contributed to the original starting material. 
However, in the electrophoretic experiments 
mentioned above the gastric juice from which the 
two anodal-moving components were prepared was 
contributed by only two normal subjects; the pH 
maxima for digestion by the smaller component 
were at lower pH values than those of the larger, 
whereas the pH-activity curves of the original 
juice of each subject showed maxima close to those 
of the larger component. It seemed therefore that 
the smaller component was not the main pepsin of 
either of the individuals but a substance with its 
activity masked in the original juices. This evidence 
suggests that there might be in each individual at 
least two pepsins, each exerting proteolytic action 
with two maxima below pH 5, but with definite 
differences in the pH values at which the maxima 
occur. 

A further clue to the origin of these components 
arose during the investigation of the proteolytic 
activity of extracts of gastric mucosa from 
different parts of the stomach (removed at opera- 
tion) of patients with gastric or duodenal ulcer. 
Extracts of pyloric mucous membrane often gave 


* Part 2: Taylor (19594). 


lower pH maxima than extracts of fundic mucog 
(Taylor, 1956) and appeared to have different 
proteolytic properties. The possibility immediately 
suggested itself that the different proteolytic com: 
ponents of normal human gastric juice and swine 
pepsin might be derived from fundic and pyloric 
parts of the stomach. An investigation of this 
hypothesis is now described. 


EXPERIMENTAL 


The methods and materials used have been described 
previously (Taylor, 1957, 1959a). Swine pyloric juice was 
kindly supplied by Professor H. W. Florey, F.R.S., and 
Dr N. G. Heatley from an animal with a pyloric pouch. 
This juice was secreted at neutral pH, brought to about 
pH 3 by adding 0-1mM-HCl and stored at 0°. 

Pyloric extracts from human and swine stomachs were 
made from the portion of gastric mucosa which extends 
lin. cephalad from the pyloro—duodenal junction. The 
next inch of gastric mucosa and the cardiac mucosa were 
discarded. The remaining portion, consisting of fundus and 
body mucosa, and containing the fundic glands, was made 
into a fundic extract. Normal human gastric mucosa was 
obtained within 2 hr. of death and swine mucosa within 
15 min. of death. 


RESULTS 


Human fundic and pyloric mucosal extracts. In 
Table 1 are shown the pH maxima of digestion of 
several protein substrates by extracts of the 
pyloric and fundie portions of the mucous men- 
brane from five normal human stomachs. Fig. 1 
shows representative pH—activity curves. It will 
be seen that all five fundic extracts gave maxima 
for the digestion of proteins within the ranges 
pH 1-8—2-4 and pH 3-4-3-9. Four pyloric extracts, 
on the other hand, gave pH maxima between 
pH 1-5 and 1-6 and 3-1 and 3-2. It would seem 
therefore that the pepsins of human fundic and 
pyloric mucosa differ from each other in the normal 
subject. 

Swine fundic and pyloric mucosal extracts. 
Similar observations have been made upon fundic 
and pyloric mucosa from fresh swine stomachs 
(Table 1, Fig. 2). Fundic extracts gave maxima at 
pH 2-0-2-2 and 3-5-3-9, whereas pyloric extracts 
showed maxima at pH 1-7—1-9 and 3-2-3-4. 
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Table 1. pH maxima for digestion of proteins by extracts in 2% (w/v) sodium chloride of fundic 
and pyloric mucosa from normal human and pig stomachs 


In this table and the figures, the amounts of liberated amino acid nitrogen are those in the whole digest, which usually 
consisted of 3 ml. of buffer, 1 ml. of enzyme extract or gastric juice and 1 ml. of plasma or 5% (w/v) fraction V, or 2 ml. 


of 2% (w/v) casein. 


Extract Substrate 


Human 


Plasma protein 

Plasma protein 

Bovine plasma albumin 
Casein 

Plasma protein 

Plasma protein 

Plasma protein 


Fundus 1 
Fundus 2 


Fundus 3 
Fundus 4 
Fundus 5 
Plasma protein 
Plasma protein 
Plasma protein 
Plasma protein 


Pylorus 2 
Pylorus 3 
Pylorus 4 
Pylorus 5 


Pig 
Fundus 1 
Fundus 2 


Bovine plasma albumin, fraction V 
Fraction V 
Plasma protein 


Fundus 3 Plasma protein 


Pylorus 1 
Pylorus 2 
Pylorus 3 


Fraction V 
Plasma protein 
Plasma protein 


pH 1-5-2-4 pH 3-1-4-0 
Cc A > ct ‘ 
Amino Amino 
acid N acid N 
(mg.) (mg.) 





Maximum Maximum 


pH 


0-67 
0-80 
0-74 
0-42 
0-77 
0-83 
0-56 
0-64 
0-78 
0-76 
0-23 


0-62 
0-71 
0-63 
0-22 
0-74 
0-63 
0-48 
0-64 
0-60 
0-52 
0-17 
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Swine pyloric juice. Swine pyloric juice digested 
serum albumin with two maxima at pH 1-6 and 2-6 
(Fig. 3), that is to say, at lower pH values than have 
been given by any other materials studied in the pig. 

Crystalline swine pepsin. Fig. 4 shows the pH-— 
activity curves which result from the digestion of 
crystalline bovine plasma albumin by pepsin A and 
by the component of crystalline pepsin remaining 
after separation of pepsin A. Whereas the maxima 
for pepsin A occur at pH 1-6 and 2-8, those for the 
second component occur at pH 2-0 and 3-2. The 
former maxima are very close to those observed 
with pig pyloric juice, and the difference between 
the pH maxima of the two components resembles 
that seen between the electrophoretic components 
of human gastric juice (Taylor, 19596) and that 
seen between fundic and pyloric mucosal extracts. 


DISCUSSION 


The demonstration that pyloric mucosal extracts 
and pyloric juice exert proteolytic activity are of 
interest, for relatively little work has been carried 
out upon the pyloric secretion and none upon the 
normal human pylorus. Furthermore, the con- 
dusions to be drawn from previous studies are in 
many ways conflicting. 
25 
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Fig. 1. pH-activity curves for the digestion of plasma 
protein by normal human fundie (@) and pyloric (O) 
mucosal extracts. Temp., 37°; time, 3 hr. 
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Wassman (1839) observed that acid extracts of 
pyloric mucosa digested protein, but more slowly 
than fundic extracts; after washing the pyloric 
mucosa three or four times with water he could no 
longer detect proteolytic activity. He concluded 
that only the fundic glands supplied pepsin, and 
that the activity of the pyloric mucosa was due to 
adherent fundic secretion. This view was supported 
by several authors (Wittich, 1873; Wolffhiigel, 
1873; Herrendorfer, 1875) but attacked by 
Ebstein & Griitzner (1874), who found a digestive 
ferment constantly present in the pyloric mucosa of 
dogs and showed that it was contained in the deep 
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0 a 
1 2 3 4 5 
pH 
Fig. 2. pH-activity curves for the digestion of bovine 
plasma albumin fraction V by fundic (@) and pyloric (O) 
mucosal extracts of the pig. Temp., 37°; time, 3 hr. 
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Amino acid N released (mg.) 


pH 
Fig. 3. pH-activity curve for the digestion of human 


serum albumin by swine pyloric juice. Temp., 37°; time, 
3 hr. 
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glands, whereas the overlying mucous secretion was 
virtually pepsin-free. Glaessner (1902), in ap 
important paper which summarizes previous work, 
concluded from observations in the dog, pig and 
rabbit that the pyloric mucosa contains a proteo. 
lytic ferment and that this exhibits differences from 
fundic pepsin. He named this enzyme pseudo. 
pepsin (‘...und so fiihren diese Versuche zu der 
Folgerung, dass die peptische Wirkung der Pylorus. 
mucosa nur durch die Anwesenheit von ‘ Pseudo. 
pepsin’ zu erklaren ist, und dass dieses aller 
Wabhrscheinlichkeit nach das einsige peptische 
Ferment des Pylorus darstellt’). Glaessner pro. 
duced no evidence that pseudopepsin could be 
secreted into gastric juice, but it. is important to 
learn, in view of the observations described above, 
that the idea of separate fundic and pyloric pepsins 
was put forward as early as 1902. Glaessner also 
established that ‘pseudopepsin’ acts in an acid 
medium. Further confirmation of the proteolytic 
activity of pyloric mucosal extracts is given by the 
observations of Holter & Linderstrom-Lang (1935), 
who found pepsin to be present most abundantly in 
swine pyloric mucosa, at a depth of 2 mm. from the 
surface. This is the depth at which most of the 
pyloric chief cells are to be found. 

Pyloric juice itself has been collected from pyloric 
pouches of laboratory animals by a number of 
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Fig. 4. pH-activity curves for the digestion of crystalline 
bovine plasma albumin by pepsin A (@) and by a second 
electrophoretically homogeneous component of crystalline 
swine pepsin (O). Temp., 37°; time, 3 hr. 
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investigators. All early experiments showed pepsin 
to be present in the secretion even though this was 
alkaline (Klemensiewicz, 1875; Heidenhain, 1878; 
Contejean, 1893; Akerman, 1894). Ivy (1919), in 
his early experiments, also found small quantities 
of pepsin to be present, but subsequently (Ivy & 
Oyama, 1921) modified this observation, concluding 
that pepsin was not present in the pyloric secretion 
of dogs. Takata (1923) repeated Ivy’s work in the 
dog but concluded that an enzyme ‘of the peptic 
character’ was present in pyloric juice. More 
recently Jennings & Florey (1940) have found that 
the pyloric secretion in the cat is alkaline and has a 
trace of proteolytic activity at pH 2-0 but none at 
pH 6-8 and 8-0. 

Although experimental results, even in the same 
animal, differ inexplicably, the balance of evidence 
favours the presence of proteolytic activity in 
pyloric mucosa and in pyloric juice. The evidence 
additionally presented here from the pig and man 
provide further support for this view, and make its 
alternative less plausible. 

Not only do pyloric juice and pyloric extracts 
possess proteolytic activity, but it is now shown 
that they digest proteins with two pH maxima 
below pH 4, just as do human gastric juice, swine 
pepsin and human and swine fundic extracts. The 
pH values of the maxima for human and swine 
pyloric extracts and for swine pyloric juice are, 
however, consistently lower than those for the 
corresponding maxima of fundic extracts. It would 
seem therefore that the pepsin (or pepsins) of the 
fundic and pyloric glands are _ biochemically 
different in both species. 

Evidence is also presented that crystalline pepsin 
and human gastric juice each contain two principal 
components, one of which has, in both species, 
pH maxima resembling those of fundic pepsin, and 
the other, again in both species, maxima resembling 
those of pyloric pepsin. One possible explanation of 
these facts might be that the respective components 
of human gastric juice and crystalline swine pepsin 
are derived from fundic and pyloric glands. Un- 
fortunately no proof is possible in man that human 
pyloric juice has proteolytic activity with maxima 
at pH values close to those of human pyloric 
extracts, for pure human pyloric juice cannot be 
obtained. It has, however, been found (Taylor, 
1956) that in pernicious anaemia, a small number 
of patients have appreciable proteolytic activity in 
their gastric juice and that in each one the pH 
maxima for digestion of proteins in vitro falls 
within the ranges pH 1-8—2-0 and 2-6—3-2. These 
ranges resemble those of pyloric mucosal extracts 
rather than of fundic extracts or of normal human 
gastric juice. It is known, moreover, that in 
pernicious anaemia the pyloric mucosa is some- 
times not degenerated (Magnus & Ungley, 1938). 
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If this were the case in these patients, the gastric 
juice secreted on histamine stimulation would be 
principally derived from the pyloric mucosa and 
would be expected to exert proteolytic action upon 
plasma protein with the pH maxima that have in 
fact been found. 

Observations made by Linderstrom-Lang, Holter 
& Ohlsen (1935) are in keeping with the possibility 
that more than one type of pepsin is present in 
gastric mucosa. They investigated the proteolytic 
activity of sections of swine fundie and pyloric 
mucosa which were cut at right-angles to the surface 
at progressive depths towards the submucosa. 
From the surface inwards they recognized epi- 
thelial cells, neck chief cells and chief cells as con- 
taining proteolytic activity. They observed that 
‘only the pepsin in the deeper layers of fundus can 
be extracted by 30% glycerine, while the pepsin of 
all the regions of tissue investigated (pylorus and 
fundus) is extracted quantitatively by edestin and 
hydrochloric acid’. It might be therefore that there 
are two types of chief cell, for example, those of the 
neck and those of the body of the gland, each 
yielding a slightly different type of pepsin. If one 
type were predominantly present in the fundus and 
body of the stomach and the other in the pylorus 
the results that have been obtained with fundic and 
pyloric mucosa would be explained. Such a hypo- 
thesis would be in keeping with the observation 
that in both human gastric juice and swine 
pepsin, the two components appear to be more 
nearly equal in amount than the respective sizes of 
the mucosal areas of fundus and pylorus. In this 
connexion it is interesting to find that Harvey 
(1906) in a histological study in the dog writes 
‘,..it appears that the pyloric glands correspond to 
the neck region of the fundus gland without the 
parietal cells’. 

Finally it might now be possible to explain the 
observation made previously (Taylor, 1959a) that 
samples of gastric juice obtained at different times 
from the same subject show different pH maxima 
when digesting the same sample of substrate. If 
these samples contained differing amounts of the 
two pepsin components, variable pH maxima 
might be expected. The existence of two pepsins 
may perhaps also provide a basis for explaining 
why gastric enzymes other than ‘pepsin’, active at 
pH 2:0, have been described (Briicke, 1875; 
Sundberg, 1885; Kraut & Tria, 1937). 


SUMMARY 


1. Extracts of human and swine pyloric mucous 
membrane digest proteins with two pH maxima 
below pH 5. These maxima occur at lower pH 
values than the corresponding maxima for fundic 
extracts. 


, 


25-2 
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2. Swine pyloric juice also exhibited two proteo- 
lytic pH maxima, at pH values 1-6 and 2-6, which 
are lower than those of swine or human fundic 
extracts or of human gastric juice. 

3. Crystalline swine pepsin can be separated into 
two components, one of which digested proteins 
with pH maxima close to those found with swine 
fundie mucosa and the other with maxima close to 
those found with pyloric mucosa. 

4. It is concluded that in man and the pig there 
are two main pepsins, one of which predominates in 
the pyloric mucosa and the other in the mucosa of 
the fundus and body of the stomach. 

I wish to thank Mr Brian Collett and Miss Barbara Hunt 
for their skilful assistance in part of this work; Dr J. V. O. 
Reid and Mr A. M. N. Gardner for carrying out early 
necropsies; Professor H. W. Florey, F.R.S., and Dr N. G. 
Heatley for providing pig pyloric juice; and Dr R. B. 
Fisher and Mr J. R. P. O’Brien who read and criticized the 
D.M. Thesis from which the material of this paper is 
abridged. 

REFERENCES 
Akerman, J. H. (1894). Skand. Arch. Physiol. 5, 134. 
Briicke, E. V. (1875). Vorlesungen tiber Physiologie, 2nd ed., 
vol. 1, p. 299. Wien: W. Braumiiller. 
Contejean, M. C. (1893). C.R. Soc. Biol., Paris, 9s, 5, 620. 
Desreux, V. & Herriott, R. M. (1939). Nature, Lond., 144, 

287. 

Ebstein, W. & Griitzner, P. (1874). Arch. ges. Physiol. 8, 


122, 517. 


W. H. TAYLOR 


1959 


Glaessner, K. Beitr. chem. Physiol. Path, 1, 
24. 

Harvey, B. C. H. (1906). Amer. J. Anat. 6, 207. 

Heidenhain, R. (1878). Arch. ges. Physiol. 18, 169. 

Herrendorfer (1875). Inaugural Dissertation: Kénigsbery. 
Quoted from Glaessner, K. (1902). 

Hoch, H. (1950). Nature, Lond., 165, 278. 

Holter, H. & Linderstrom-Lang, K. (1935). C.R. Lab, 
Carlsberg, 20, no. 11, 1. 

Ivy, A. C. (1919). Amer. J. Physiol. 49, 142. 

Ivy, A. C. & Oyama, Y. (1921). Amer. J. Physiol. 51, 
51. 

Jennings, M. A. & Florey, H. W. (1940). Quart. J. exp, 
Physiol. 30, 329. 

Klemensiewicz (1875). Quoted by Akerman, J. H. (1894), 

Kraut, H. & Tria, E. (1937). Biochem. Z. 290, 277. 

Linderstrom-Lang, K., Holter, H. & Ohlsen, A. S. (1935). 
C.R. Lab. Carlsberg, 20, no. 11, 66. 

Magnus, H. A. & Ungley, C. C. (1938). Lancet, i, 420. 

Merten, R., Schramm, G., Grassmann, W. & Hannig, K. 
(1952). Hoppe-Seyl. Z. 289, 173. 

Northrop, J. H., Kunitz, M. & Herriott, R. M. (1948), 
Crystalline Enzymes, 2nd ed. New York: Columbia 
University. 

Sundberg, C. (1885). Hoppe-Seyl. Z. 9, 319. 

Takata, M. (1923). J. Biochem., Tokyo, 11, 33. 

Taylor, W. H. (1956). D.M. Thesis: University of Oxford. 

Taylor, W. H. (1957). Analyst, 82, 488. 

Taylor, W. H. (1959a). Biochem. J. 71, 73. 

Taylor, W. H. (19596). Biochem. J. 71, 373. 

Wassman (1839). Quoted by Glaessner, K. (1902). 

Wittich, V. (1873). Arch. ges. Physiol. 7, 18. 

Wolffhiigel, G. (1873). Arch. ges. Physiol. '7, 188. 


(1902). 


Formation Constants for the Complexes of Adenosine 
Di- or Tri-phosphate with Magnesium or Calcium Ions 


By K. BURTON 
Medical Research Council Unit for Research in Cell Metabolism, Department of Biochemistry, 
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The formation of complexes between adenosine 
phosphates and bivalent metal ions has been 
quantitatively studied by the effects of the metals 
on the acid—base titration curves (Smith & Alberty, 
1956a; Martell & Schwarzenbach, 1956) and by the 
use of ion-exchange resins (DiStefano & Neuman, 
1953; Nanninga, 1957; Walaas, 1957, 1958). These 
methods have been extensively used to study many 
chelation complexes but there is poor agreement 
between the several values that have been reported 
for the formation constants of the complexes of the 
adenosine phosphates. Further study of these 
complexes therefore seemed to be desirable and this 
paper describes measurements by an independent 
method in which the spectral changes of 8-hydroxy- 
quinoline are used to determine the amount of free 


bivalent metal ion present in solutions containing 
adenosine di- or tri-phosphate and magnesium or 
calcium ions. For most of the measurements, 
tributylethylammonium bromide was added to 
obtain a convenient ionic strength (usually 0-11). 
The concentration of sodium or potassium ions was 
usually kept low because these ions form weak 
complexes with the nucleotides (Melchior, 1954; 
Smith & Alberty, 19565). 


MATERIALS AND METHODS 


Nucleotides. The sodium salts of adenosine triphosphate 
(ATP; Schwarz Laboratories Inc., Mount Vernon, N.Y., 
U.S.A.) and adenosine diphosphate (ADP; Sigma Chemical 
Co., St Louis, Mo., U.S.A.) were dissolved in water and 
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adjusted to the pH required in each experiment by the 
addition of NaOH. Approximately 2 equivalents were 
needed. The solutions were standardized spectrophoto- 
metrically by the difference between the absorption at 
260 mp and at 290 my by using the extinction coefficients 
of Bock, Ling, Morell & Lipton (1956). No ultraviolet- 
light absorbing impurities were detected after examination 
by paper chromatography in the isobutyric acid—aq. NH, 
soln. solvent of Krebs & Hems (1953). 

8-Hydroxyquinoline. Analytical reagent-grade material 
was used. 

Triethanolamine buffers. Commercial triethanolamine 
was redistilled under reduced pressure and a stock aqueous 
solution prepared by weight. Buffers were prepared by 
adding HCl. 

Tributylethylammonium bromide. This was prepared by 
refluxing tributylamine with a 50 % excess of ethyl bromide 
for 40 hr. The solid which formed on cooling was filtered 
off, washed with ether, twice recrystallized from a mixture 
of isoamyl alcohol and ethyl ether and dried to constant 
weight in vacuo. 

Magnesium and calcium chlorides. Aqueous solutions of 
MgCl,,6H,O and CaCl, (analytical-reagent grade) were 
standardized by titration with AgNO,. Small volumes of 
the MgCl, and CaCl, solutions were measured by an Agla 
nicrometer syringe (Burroughs Wellcome Ltd.). 

Spectrophotometry. If the concentration of 8-hydroxy- 
quinoline was less than 0-5 mm, the measurements were 
made by a Cary recording spectrophotometer with quartz 
cells of 4-9 cm. light path and containing about 20 ml. of 
solution. To obtain the highest accuracy, the extinctions 
were obtained directly from the scale (instead of the 
recorder chart) and the slit control was set at 0. For higher 
concentrations of 8-hydroxyquinoline, a Beckman model 
DU spectrophotometer was used with 1 cm. cells of about 
3ml. capacity. The instrument was fitted with a tempera- 
ture-controlled cell-holder. 

Measurements of pH. The pH values of the reaction 
mixtures were measured at 20-25° with a glass electrode 
and calomel half-cell, calibrated according to B.S. 
1647: 1950. 


THEORY 


In addition to the 1:1 complex between metal ion (M) and 
phosphate compound (P) it is desirable to consider the 
possibility of the M,P and MP, complexes: 


M+P=MP, 
MP +M=M,P, 
MP +P=MP,. 


let a be the total concentration of metal, b the total con- 
centration of phosphate compound, m the concentration of 
free metal ion and p the concentration of free phosphate 
compound. Let the three formation constants be 


K,=(MP]/mp, K,=[M,P]/m[{MP] 


and K,=[MP,]/p[MP] respectively. Let « be the ratio of 
total phosphate to bound metal, i.e. « =b/(a —m). Then 


a—m=[MP]+2[M,P]+[MP,] 
= K,mp(1+2K,m+ K3p). (1) 
As m—> 0, p> b and 


a-m ” se 
— ~> K,(1 + K,b). 
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Also b=[P]+[MP]+[M,P] + 2[MP,] 
= p{l + K,m(1 + K,m +2K,p)}. 
From (1) and (2) 
Kym{(« -1) + K,m(2a-1)+K;p(a-2)}=1. (3) 
The version for «=2 (i.e. a —m = }b) is of particular value 
since it is independent of K, and is thus not affected by the 
possible occurrence of the MP, complex: 
K,m(1+3K,m)=1. 
If K, < K,, this becomes 
K,ym=1. 
Consideration of ternary complex between metal, 8-hydroxy- 
quinoline and phosphate compound. Let <g, €, and €, be the 
respective molar-extinction coefficients for the free 
hydroxyquinoline (O), the metal—hydroxyquinoline com- 
plex (MO) and the ternary complex (MOP). Let the forma- 
tion constants of the two complexes be respectively 


K’=[MO}/[(O]m and K”=[MOP)/[O] [MP] 
=[MOP]/K,[O] mp. 
The increase in extinction (AZ) observed on adding 

metal to a mixture containing O and P is 
AE =(e, — €9) [MO] + (ez — €9) [MOP] 

=[0] m{(«, — €9) K’ + (2 —€o) K”pK3}. (4) 
Let m’ and o’ be the respective apparent concentrations of 
free Mg*+ ion and hydroxyquinoline that would have been 


deduced from the value of AZ if the MOP complex were 
ignored, i.e. 


(3a) 


(36) 


AE =0'm'(e, — &) K’. (5) 


Assuming that the MOP complex represents only a small 
proportion of the free hydroxyquinoline, o’ ~[O] and thus 
from (4) and (5) 

m’ —m=0K,mp, (6) 


where the constant, 0, is given by 
0 =(€_ — €) K”/(e, — €o) K’. (7) 
From (1), (2) and (6) it may be shown that when 
a-m’=b/a’, 
K,m\a’ — 6a’ — 1) + Kym(2a’ -1) + Ky p(«’-2)=1. (8) 
When a’ =2 (i.e. a—m’ =})): 
K,m{1 - 20 + K,m}=1. 
If both 6 and K,m <1: 


K,ym=1. 
Thus from (6) and (8): 


m! =1/K, +p. 


By substituting for p from (2), putting K, < K, and elimi- 
nating m by (84), 


(8a) 


(8d) 


1 Ofy(1+2K50) -1} 
7 2K, ; 


(9) 


If Kb <1: 
m’ =1/K, + 40d. (9a) 
When m—> 0: 
By substituting from (6) for m in (la) and re-arranging 
and by using the fact that b=p when m=0: 
m’b 1/K, +66 


oni « (10) 
a-m 1-0+K,b 
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m’b _1/K,+6b 
a-m’ 1+K;,° 
If both @ and K,b <1: 


(10a) 


as AN, 20, 


a-—m’ 


RESULTS 


Reaction between 8-hydroxyquinoline and mag- 
nesium. In Fig. 1 are shown the effects of MgCl, and 
of MgCl, plus ATP on the absorption spectra of 8- 
hydroxyquinoline in buffered solution at pH 8-85. 
The spectrum with excess of MgCl, (20mm) is 
essentially that of the 1:1 Mg—hydroxyquinoline 
complex (cf. Nasiinen, 1952). At lower concentra- 
tions of MgCl, the spectra are consistent with their 
being the result of varying proportions of free 
hydroxyquinoline and of the 1:1 complex. The 
greatest change in extinction occurs at about 
360 my, and the curves relating the increase in 
extinction to the amounts of MgCl, are close to 
those expected for the formation of the 1:1 
complexes on the basis of the stability constants 
reported by Niasinen (1952). More of the mag- 
nesium complex is formed at higher pH values 
because there is an accompanying loss of H* ion: 


Mg?* + +H* 


rs 
H Mg 


Higher concentrations of free Mg**+ ion can there- 
fore be more accurately measured at lower pH 
values. The pH can be reduced to 7-7 without 
appreciably affecting the binding of the metal to 
the adenosine phosphates because the pH values 
of their secondary phosphate ionizations are 6-95 
or less (Smith & Alberty, 19566). The upper limit 
of pH is set by the dissociation of the 8-hydroxy- 
quinoline (pK 9-9; Nasainen, Lumme & Mukula, 
1951) and its accompanying increase of extinction 
at 360 my. The useful range of pH is therefore 
7-7-9-1. 

In the solutions used, less of the Mg—hydroxy- 
quinoline complex was formed as the temperature 
was increased. This may have been due mainly to 
the effect of temperature on the pH of the triethan- 
olamine buffer. 

The insoluble 1:2 Mg—hydroxyquinoline com- 
plex did not precipitate during the actual experi- 
ments but it did precipitate when the solutions 
containing MgCl, and mm-hydroxyquinoline at 
pH 8-4 were subsequently allowed to stand. No 
precipitate was formed at pH 7-9 or with 0-3 mm- 
hydroxyquinoline at pH 8-4. 


Effects of adenosine tri- or di-phosphate. In the 
presence of ATP, more MgCl, has to be added t; 
obtain the same amount of Mg—hydroxyquinolix 
complex. The spectrum of 8-hydroxyquinoline jy 
the presence of 1-20 mm-MgCl, plus 0-73 mm-ATP 
is almost the same as that in the presence of 
0-43 mm-MgCl, (Fig. 1). 

In Figs. 2-4, the increase in extinction at 360 m, 
has been plotted against the amounts of Mg(\, in 
the absence and in the presence of ATP or ADP. | 
is convenient first to consider these curves assuming 
that the increase in extinction is due solely to the 
complex between the metal and hydroxyquinoline 
and that there are no complicating factors such 
a ternary complex between the metal, hydroxy. 
quinoline and ATP. The amount of metal bound to 
the hydroxyquinoline, which is indicated by the 
shaded area on the left of each graph, was calculated 
from the readings obtained with high concentra. 
tions of metal and 0-1—0-2 mm-8-hydroxyquinoline, 
For a given extinction the amount of free Mg** ion 
is obtained by difference from the total amount of 
Mg added when no ATP or ADP is present. In the 
presence of ATP or ADP, the extra amount of 
metal needed to obtain the same extinction is the 
amount that is bound by the nucleotide. The values 
are conveniently obtained directly from the graphs 
as described in the legend to Fig. 2. The formation 
constant for MgADP (K,=1640m~—!) can thus be 


Extinction 
2 
a 


2 
> 
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Absorption spectra of 8-hydroxyquinoline. 
0-10m-tributylethylam- 
monium bromide, 22 mm-NH,Cl, aq. 10 mm-NH, soln, 
pH 8-85. Cells 4-9cem. A, Alone; B, 0-43 mm-Mg(l,; 
C, 1-20 mm-MgCl, plus 0:73 mm-Na,ATP; D, 20m\- 
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evaluated with the use of equation 3b. The extinc- 
tion values in Figs. 2-4 have been corrected for the 
small dilution of the hydroxyquinoline solution by 
the added MgCl,. In routine measurements it is 
less laborious to correct for the progressive dilution 
by drawing the lines such as AD of Fig. 2 at the 
appropriate slight angle to the horizontal. 

K, can also be evaluated from the initial slopes of 
the curves of Fig. 2 with the use of equation la 
and assuming K, to be zero. The value obtained is 
1700m-". 

The formation constants obtained by this pro- 
cedure and by that shown in Fig. 2 were subse- 
quently found to decrease with increasing concen- 
tration of nucleotide (Fig. 3). As shown in the 
Theory section, this can be accounted for by 
assuming that ternary complexes (MOP) are 
formed between the metal, the hydroxyquinoline 
and the nucleotide. The equations obtained (9 and 
10a) involve the assumptions that the amount of 
the MOP complex is much less than the free 
hydroxyquinoline and that the constant @ (defined 
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Fig. 2. Formation of MgADP complex. 0-91 mm-8- 
Hydroxyquinoline, 85 mm-tributylethylammonium bro- 
mide, 25 mm-triethanolamine hydrochloride, 17 mm- 
triethanolamine. Temp. 25°; pH 7-9. Cells lem. A, x, 
@,No ADP (three separate experiments); O, A, 1-23 mm- 
Na,ADP (two experiments). The shaded area on the left 
indicates the amount of Mg-oxine complex. The curves 
were obtained by adding 0-102m-MgCl, from a micro- 
meter syringe to 3 ml. of solution in a spectrophotometer 
cell. Extinction values were corrected for the slight 
progressive dilution by the MgCl,. Points for extinction 
values less than 0-1 have been omitted. For the same 
extinction, and ignoring possibilities of a ternary com- 
plex of Mg, ADP and oxine, AB =Mg bound to the oxine 
(0-052 mm); BC=free Mg*+ ion (m=0-61 mm) and 
CD=Mg bound to ADP (a -m=0-61 mm). By equation 
3b, K,=1/m=1640m-. 
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by equation 7) is much less than 1. Equations 9 
and 10a can be further simplified if bK,;<1 
(9a, 106). It will be seen that in these four equa- 
tions, m, the concentration of free metal ion, has 
been replaced by m’, which is the apparent concen- 
tration deduced (as in Fig. 2) on the assumption 
that the MOP complex is not formed. The experi- 
mental values of m’ for a—m’=46 and those of 
m’b|/(a—m’) for m -> 0 have been plotted against 5, 
the concentration of the nucleotide, and the results 
for ATP (Fig. 5) were found to be consistent with a 
pair of straight lines according to equations 9a and 
106 with K,=38 000m-! and @=0-03. If the bK, 
term were appreciable, the values would have 
fallen on curved lines according to equations 9 and 
10a. However, because of the scatter of the ex- 
perimental values it is not clear whether they fit 
a curve better than a straight line and it is therefore 
not possible to be precise about the magnitude of 
K,. A tentative maximum value for this constant 
((Mg(ATP),§-]/[MgATP?2-] [ATP*-}) is of the order 
of 250m-1. Since the value of K, is obtained after 
extrapolating to zero 6, it is not affected by the 
value assumed for K,;. 

The effect of nucleotide concentration is smaller 
for ADP (Fig. 6) than it is for ATP. The values of 
m’ for a—m’=%4b were extrapolated to zero con- 
centration of ADP and K, was found to be 2200m-. 


- 
/ 
* 


Increase of extinction 


Concn. of MgCl. (mm) 


Fig. 3. Formation of MgATP complex. 0-30 mm-8- 
Hydroxyquinoline, 85 mm-tributylethylammonium bro- 
mide, 25 mm-triethanolamine hydrochloride; 60 mmM- 
triethanolamine. Temp. 25°; pH 8-4. Cells 4-9 cm. ATP 
concentration (mM); O, A, 0; A, 0-462; @, 1:85; x , 3-70. 
AB, CD and EF indicate the apparent binding of half an 
equivalent of metal at each concentration of ATP. Note 
the trend of the corresponding apparent concentration of 
free Mg*+ ion (m’) with ATP concentration (b) (see 
Fig. 5). 
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Fig. 4. Binding of Mg by ATP at high concentrations of MgCl,. Conditions were as described for Fig. 2, except that 
temperature was 35°. pH was 7-9, measured at 25°. O, @, No ATP (two separate experiments); A, A, 0-85 mx- 
Na,ATP. The continuous line is the calculated curve in the presence of ATP on the basis of the line in the absence 
of ATP and assuming a 1:1 complex (K,=2 x 10*m-1) with no formation of a bimetallic complex (i.e. K,=0). The 
broken line is the curve for the formation of a weak bimetallic complex (K,=70m—). 


Table 1. Formation constants for the calcium and magnesium complexes of adenosine tri- and di-phosphate 


85 mm-Tributylethylammonium bromide; 25 mm-triethanolamine chloride and 0-9 mm-8-hydroxyquinoline. Additional 
triethanolamine (17mM-0-23m) was added to obtain the required pH. Values at 37° (in italics) were obtained by inter- 


polation. 10-3 Z. 


Evaluated ignoring 
Total MOP complexes Extrapolated 
nucleotide —- Yr to 
concn. P No. of Mean + range b=0 
Complex (0) 25° values (m-) (m-) Temperature 
MgATP?2- See Fig. 5 38 25° 
55 37 
0-426 . 71 +11 98 5 
0-852 . 57 +6 
MgADP- 0-62 . 20 +0-4 2-2 
1-23 : d ‘7 +01 (see Fig. 6) 
0-62 “f 5 +01 3-0 
1-23 . 2-05+0-1 
33 
0-62 . 5-3 +03 6-9 
1-23 . ‘5 +02 
CaATP?2- 0-84 28 +10 
CaADP- 1-23 ; 0-72, 0-82 
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No statement can be made about K, because of the 
large scatter in the values obtained from the initial 
slopes of the extinction—[MgCl,] curves. 

Higher concentrations of magnesium chloride. To 
investigate the possibility that the Mg,ATP com- 
plex may be formed, concentrations of up to 
80 mu-MgCl, have been used. As shown in Fig. 4, 
there is no clear indication that more than one 
atom of magnesium is bound per molecule of 
ATP. The experiment of Fig. 4 at 35° and other 
similar experiments at 25° indicate that, if the 
Mg,ATP complex is formed, the upper limit for 
K, ((M,P]/[M] [MP]) is about 70m~. A similar 
result was obtained for ADP. 

Temperature. Larger values for K, were found at 
higher temperatures (Table 1). Since the error of 
each value is about +10%, AH for forming the 
complexes can be estimated only approximately. 
The values are about 5 kcal./mole for MgATP?- 


i 
ye 
4 
a- 
4 
A 


ak oad 
$38 6s 


gs 
oO 


A 


. 
=x 
5 
| 
& 8 
s 
a 
. 
° 
=z 


z 3 
Concn. of ATP (mm) 


Fig. 5. Effect of ATP concentration on the apparent 
binding of magnesium. Values of m’ for a—m’=6b/2 
(O, @) and values of m’b/(a-m’) for m0 (A, A) 
plotted against total ATP concentration (b). 8-Hydroxy- 
quinoline concentration: 0-9 mm (O, A) or 0-3 mm 
(@, A). Other conditions were as described for Fig. 3. 
The straight lines fit equations 9a and 106 with 
K,=38 000m— and @=0-03. 
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and about 6 kcal. for MgADP-, and for both com- 
plexes AS is about 36 cal./degree/mole. A large 
increase of entropy is expected because of the de- 
hydration of the Mg?* ion. 

Other conditions. Some other measurements have 
been made at 25° but at different ionic strengths or 
with KCl replacing the tributylethylammonium 
bromide. The following values of K, for ATP were 
obtained after extrapolating to zero concentration 
of nucleotide: 2-0—2-5 x 104m-! (I 0-22) and 1-6— 
2-0 x 10* (J 0-11; 0-10mM-KCl). For ADP, K, was 
found to be about 1700 at I 0-22. 

Calcium complexes. The values obtained are 
included in Table 1. Accurate values for the ATP 
complexes were not obtained because, even at 
pH 9, the binding of calcium by the hydroxy- 
quinoline is not sufficient compared with the bind- 
ing by ATP. No evidence of bimetallic complexes 
was found at concentrations up to 80 mm-CaCl,. 


DISCUSSION 


The values reported in this paper are higher than 
those of other authors (see Table 2) except for the 
value of DiStefano & Neuman (1953) for CaADP. 
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Fig. 6. Effect of ADP concentration on the apparent 
binding of magnesium. Conditions were as described for 
Fig. 5 except that pH =7-9. The line fitsequation 9a with 
K,=2 200m“ and 6=0-12. 





Table 2. Comparison of previously published values for the formation constants 


References: (1) Smith & Alberty (1956a); (2) Nanninga (1957); (3) Martell & Schwarzenbach (1956); (4) Walaas (1958); 
(5) DiStefano & Neuman (1953); (6) Melchior & Melchior (1958 and personal communication). Methods: A, acid—base 
titration; B, cation-exchange resin; C, anion-exchange resin; D, effect of MgCl, on pH of nucleotide solution. 


(1) (2) 
Method A B 
0-20 0-1 
25° 23° 
Absent 0-085 m-Nat 


Ionic strength 
Temperature 
Alkali metal ion 


Values of 10-* K, (m-): 
MgATP 2 
MgADP 
CaATP 
CaADP 


2-0 

0-56 
0-75 
0-48 


2-97 
1-00 
1-97 
0-64 


) 

A B Cc D 
0-10 0-10 0 
20° 23° 

0-Im-K+ 0-1m-Nat 


0-10 2 
37° 25° 
0-1m-Nat Absent 


(3) (4) (5) (6 


10 
1-28 
4-0 
0-60 


11 
1-41 
5-9 


0-66 


20 
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Because the alkali metal ions form weak com- 
plexes with the nucleotides (Melchior, 1954), the 
amounts of sodium or potassium ions present 
during most of the other measurements are expected 
to have reduced the observed formation constants 
by a factor which is of the order of two. 

If the formation constants for the sodium com- 
plexes at an ionic strength of 0-2 (Smith & Alberty, 
1956b) are assumed to apply at an ionic strength of 
0-1, the values for MgATP and MgADP reported 
by Walaas (1958) may be converted into 26 700 and 
2350m-! respectively in the absence of sodium. 
This value for MgATP is 30% lower than that 
found in the present work but there is good agree- 
ment between the values for MgADP. Part of the 
difference between the MgATP values is probably 
caused by the effects of ionic strength on the forma- 
tion constant of the sodium complex. The value 
obtained in this work for MgATP at J 0-22 is 
reasonably consistent with the value reported by 
Melchior & Melchior (1958). 

In considering the other measurements shown in 
Table 2, it should be mentioned that Martell & 
Schwarzenbach (1956) have tacitly assumed that 
the ionization of the adenine amino group causes 
the complete dissociation of the metal from com- 
plexes such as MgHATP .. This probably holds for 
MgHADP but it does not seem to be justified for 
MgHATP. This would mean that Martell & 
Schwarzenbach’s titration curves could be con- 
sistent with higher values for the formation con- 
stants of the MgATP?- and CaATP?- complexes. 
After allowing for the difference in temperature, 
the values found in this work for MgATP are about 
60% higher than those given by Martell and 
Schwarzenbach. The results for CaATP also 
indicate a higher value. 

Bimetallic complexes. There is as yet no direct 
evidence for the occurrence of the Mg,ATP com- 
plex. In this work, no clear evidence was found 
at a concentration of 80 mm-free Mg*+ ion. The 
possibility of its formation at higher concentra- 
tions is suggested by the effects of magnesium on 
the hexokinase equilibrium (Robbins & Boyer, 
1957). 

Because Smith & Alberty (1956a) used relatively 
high concentrations of bivalent metal ions, the 
possibility has been considered that the low values 
obtained for the formation constants may have 
been due to the formation of bimetallic complexes 
such as Mg,ATP. For example, within the stated 
experimental errors the results can fit a larger 
constant (2x 10‘m-") for the MgATP?- complex 
with values of 420m- for the MgHATP complex 
and 10m~-! for the constant (K, above) of the 
Mg.ATP complex. Other suggestive evidence for 
the Mg,ATP complex is provided by the kinetics of 
the metal catalysis of certain reactions of ATP 
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(Liebecq & Jacquemotte-Louis, 1958; Lowenstein, 
1958). 

Effects on the free energy of hydrolusis of adenosin, 
triphosphate. Because ATP binds magnesium mor 
strongly than ADP does, the presence or absence of 
the magnesium will appear to change the fre 
energy of hydrolysis of ATP to ADP (Burton § 
Krebs, 1953; Robbins & Boyer, 1957). The effec; 
was underestimated in these earlier discussions and 
in the recent survey of Burton (1958) because the 
values of Burton & Krebs (1953) or of Smith & 
Alberty (1956a) were used for the formation cop. 
stants of the metal complexes. Thus the values for 
the free energy of hydrolysis of ATP as summarized 
by Burton (1958) have tended to represent re. 
action (1) rather than reaction (2). 

MgATP?-+H,O > MgADP +HPO,?-+H?* (jj 
ATP4-+H,0 > ADP*- + HPO,?- + Ht (2) 
According to Table 1, AG’ for reaction (2) will be 
more negative than that for reaction (1) by 
1-7 keal. at 25° or 37°. 

In a following paper Benzinger, Hems, Burton & 
Kitzinger (1959) discuss the free energy of hydro. 
lysis of ATP, using the data for the megnesium 
complexes obtained in this paper. 

Control of metabolism. Raaflaub (1956) has sug. 
gested that the different complexing powers of 
ATP and its hydrolysis products could be the basis 
of a mechanism to control the rate of glycolysis. It 
is interesting to note that the formation constants 
reported in this paper lend support to this possi- 
bility in that they indicate a greater difference 
between ATP and ADP than do the measurements 
that have been reported by other workers. More 
direct evidence is needed to determine whether this 
suggested mechanism is important. 


SUMMARY 


1. The formation of complexes between adeno- 
sine tri- or di-phosphate (ATP or ADP) and Mg** 
or Ca*+ ions has been studied in aqueous solution at 
pH 7-9-8-9. A spectrophotometric method was 
used in which 8-hydroxyquinoline acts as an indi- 
cator of free metal ion. 

2. Adenosine triphosphate has a much greater 
affinity for both metals than has adenosine di- 
phosphate. The formation constants (i.e. reciprocals 
of the dissociation constants) for the MgATP?~ and 
MgADP?- complexes were found to be 38 000 and 
2200Mm—! respectively at 25°, or 98 000 and 6900m™ 
at 64° (I 0-11; 85 mmM-tributylethylammonium 
bromide plus 25 mm-triethanolamine _hydro- 
chloride). The interpolated values for 37° are 55 000 
and 3300m~—! respectively. 

3. There was no clear indication that bimetallic 
complexes were formed at concentrations of up to 
80 mm-Mg** or -Ca?* ion. 
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4, The results also indicate the formation of a 
ternary complex between magnesium, adenosine 
triphosphate and 8-hydroxyquinoline. 


I wish to thank Sir Hans Krebs, F.R.S., for his en- 
couragement and advice, Dr R. J. P. Williams for valuable 
qiticism and Dr J. M. Lowenstein for helpful discussion. 
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Thermodynamic data for glutamine are of special 
biochemical interest because in the glutamine 
synthetase reaction (Elliott, 1953) the synthesis of 
glutamine is coupled with the hydrolysis of adeno- 
sine triphosphate. Levintow & Meister (1954) 
showed that this reaction is readily reversible, and 
found that the equilibrium constant is 1-2 x 10°. If 
the free energy of hydrolysis of glutamine were 
known, it would be possible to evaluate, in a simple 
manner, the free energy of hydrolysis of adenosine 
triphosphate. 

There are no data in the literature for the free 
energy of hydrolysis of glutamine. The glutaminase- 
or acid-catalysed hydrolysis of glutamine is con- 
sidered practically irreversible, and its equilibrium 
constant and free energy appear therefore not to be 
readily measurable by chemical analysis of re- 
actants and products. For an approach from 
thermal data, heat of combustion and low- 
temperature heat-capacity data are available for 
glutamic acid, but not for glutamine. Levintow & 
Meister (1954) and M. F. Morales (appendix to 
Levintow & Meister, 1954) have therefore assumed 
that the hydrolysis of glutamine is thermodyn- 
amically analogous to that of certain dipeptides or 
of asparagine. The free energy of hydrolysis of 
these compounds can be calculated from available 


heat of combustion and heat-capacity data 
(Borsook & Huffman, 1938). 

In order to examine the assumed analogy 
between glutamine and asparagine, we have 
directly measured, in two steps, the enthalpy 
changes associated with the transformation of 
glutamine and asparagine into the undissociated 
glutamic and aspartic acids. 


EXPERIMENTAL 


Method of heat measurements 


Heats of reaction were measured by dissipation micro- 
calorimetry (Benzinger & Kitzinger, 1954, 1956; Kitzinger 
& Benzinger, 1955), with quantities of reactants ranging from 
1 to 16 moles. The solutions are placed in glass or Teflon 
vessels of approx. 16 ml. capacity. In ‘bicompartmented’ 
vessels, similar quantities of the two solutions (8 ml. each) 
can be kept separated by a circular partitioning wall during 
the initial equilibration period. In ‘drop’ vessels, droplets 
of one solution are measured with an Agla microsyringe into 
small dimple-shaped recesses and thus kept apart from the 
main bulk (16 ml.) of the other solution. The larger volumes 
are measured by suitable hypodermic syringes or pipettes. 
Solutions are placed in the vessels with polyethylene 
tubing attached to the syringes or pipettes. 

After thermal equilibrium has been attained, the solu- 
tions are mixed by rotation of the entire calorimeter, thus 
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initiating the reaction. The resulting heat change induces 
a rapid flow of heat through a thermopile of 10000 
junctions between the reaction vessel and a metal block, 
which serves as a heat sink. The potential derived from this 
pile is amplified and continuously recorded over time by a 
recording potentiometer. The thermal e.m.f. shows the 
rate of heat flow at any time during the experiment. Total 
heat (flow rate x time) is represented by the area under the 
heat-flow curve and is evaluated with a planimeter. 
Calibrations may be performed in two ways: (a) electric- 

ally, by sending known constant currents or short pulses 
through precisely determined resistance wires which are 
immersed in the water-filled calorimetric vessel; (b) 
chemically, by mixing known quantities of HCl with an 
excess of NaOH. Procedures, results and standard devia- 
tions of such tests were described by Kitzinger & Benzinger 
(1955). They were repeated after the transfer of an instru- 
ment from Washington to Oxford. The value of 94 000 nv 
cal.—! sec.-! was obtained in the electrical tests. In the 
chemical calibrations, 0-1 ml. portions of 0-117N-HCl were 
added to 15 ml. of 0-01n-NaOH in the drop vessels and 
160-5, 160-2 and 160-0 mcal. were evolved in three separate 
tests. Corrections were applied for the addition of 0-10 ml. 

of HCl to 15 ml. of water (2-56 and 2-62 meal. evolved in 

two tests) and for the addition of 0-10 ml. of water to 

15 ml. of NaOH (1-01 mcal. absorbed). Thus the heat of 
neutralization is 158-7 meal. corresponding to AH = — 13560 

cal./mole (295° kK). The accepted value (Harned & Owen, 

1950) is —13720 at 293° x, and this corresponds to 

— 13 620 at 295° kK because of a temperature coefficient of 

— 50 cal./° x. This agreement of 0-44 % is of the order to be 
expected from the instrument. 

The small corrections applied in these chemical calibra- 
tions and also in the measurements of the heats of ioniza- 
tion (see Results section) compensate for any dilution heats 
and for any heat changes due to interactions between the 
reagents and the glass surfaces of the reaction vessels. 


Materials 


Glutaminase. This was prepared from Clostridium welchit 
(SR 12) by the method of Hughes & Williamson (1952). 
In each experiment 0-15 ml. of the final solution was used. 
This amount of enzyme had sufficient activity to catalyse 
the hydrolysis of 16ymoles of glutamine in 16 ml. of 
solution (0-01N-KCl, 0-01 m-sodium acetate buffer, pH 4-5) 
within 1 hr. 

Asparaginase. This was prepared from guinea-pig serum 
according to Meister (1955). In each experiment 0-60 ml. 
of the final preparation was used and this hydrolysed 
16 umoles of substrate in 16 ml. of solution (0-01 M-sodium 
borate buffer, pH 8-5) within 1 hr. 

L-Glutamine. This was a laboratory preparation from 
mangel-wurzels according to the methods of Vickery, 
Pucher & Clark (1936). The chemical analysis indicated 
98-5% of the theoretical N and 100-4% of the theoretical 
NH,, after acid hydrolysis. 

L-Glutamic acid and L-asparagine. These were obtained 
from British Drug Houses Ltd. 

L-Aspartic acid. This was obtained from L. Light and Co., 
Ltd. 

Ammonia. This was determined by steam-distillation in 
vacuo according to Parnas & Heller as described by Krebs 
(1935) and measured in the Beckman spectrophotometer at 
475 my after nesslerization. 
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Total nitrogen. This was determined by digesting with 
H,SO, containing sodium selenate for 1 hr., followed by 
distillation of NH, in vacuo. ‘ 

pH. This was measured with a glass electrode with th 
model G Beckman pH meter calibrated according tp 
B.S. 1647:1950. 











RESULTS 





Hydrolysis of glutamine 


The heat changes associated with the hydrolysis of 
glutamine are shown in Table 1. The experiments 
were carried out with 15 ml. of 0-01M-sodium 
acetate buffer (pH 4-5), 0-01N-KCl and 0-30 ml. of 
glutaminase in the main space of the calorimetric 
vessel. Appropriate quantities of 0-1M-glutamine 
solution were placed in the drop recesses. The total 
heats evolved after the mixing of the substrate 
drops with the buffered-enzyme solution are shown 
in the second column of Table 2. The heat produc. 
tion ceased after 30-60 min., depending upon the 
quantities of substrate. 

Completeness of the enzymic reaction was 
checked by calorimetric or by chemical analyses, 
Ammonia was estimated in the solution remaining 
in the calorimeter at the end of the first and last 
experiments shown in Table 1. The amount found 
(16-2 umoles) agrees with the amount of glutamine 
introduced (16-0 pmoles) within the limits of error. 
In the one experiment with a larger amount of 
glutamine (32-0ymoles) the hydrolysis was not 




























Table 1. Heat of hydrolysis of the amide group of glut- 
amine : glutamine + water > glutamate*” +NH,* 





0-1m-Glutamine was added to 15 ml. of 0-01 M-acetate 
buffer, pH 4-5, containing 0-2 ml. of the glutaminase pre- 
paration. The AH, values of column 3 apply to the trans- 
formation of glutamine into ammonium glutamate dis- 
solved in buffer at pH 4-5. 














Glutamine 
hydrolysed Heat evolved AH, observed 
(umoles) (mcal.) (cal./mole) 
27-5* 143-5 — 5220 
8-0 41-5 —5190 
2-0 10-5 — 5250 
8-0 42-6 — 5325 
12-0 63-7 — 5310 
16-2* 86-0 — 5310 
Mean+s.E. —5270+55 






* NH; was determined chemically (see text). 





160 ul. of O-l1mM-ammonium glutamate was added to 
15 ml. of acetate buffer plus glutaminase as above. 









Ammonium 
glutamate 
added Heat evolved AH, observed 
(umoles) (meal.) (cal./mole) 
160 1-78 -110 






AH, - AH, = — 5160 cal./mole. This value is for the 
reaction in dilute aqueous solution at pH 7-0. 
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complete, as only 27-5 ymoles of ammonia and the 
corresponding quantity of heat, 143-5 mcal., were 
found. In four other experiments with less than 
16 umoles of glutamine, it was confirmed that the 
hydrolysis had been complete by transferring the 
reaction mixture to another calorimetric vessel and 
adding fresh enzyme. No heat change was then 
found except for the small initial heat of mixing. 
The heat change observed (AH, = — 5270 cal./mole) 
applies to the transformation of aqueous 0-1M- 
glutamine into ammonium glutamate dissolved at 
(-001-0:06mM in a solution containing 0-01Mm- 
sodium acetate buffer (pH 4:5), 0-01m-KCl and 
enzyme. 

The enthalpy change on adding 0-16 ml. of 
(-IM-ammonium glutamate (previously adjusted 
to pH 7-0) to the buffer—enzyme solution was also 
measured and found to be 1-78 meal. evolved or 
-110 cal./mole. The difference 


AH, — AH, = — 5160 cal./mole 


is the enthalpy change for the conversion of 
0-1m-glutamine into dilute ammonium glutamate at 
pH 4:5 followed by the conversion of this ammo- 
num glutamate into 0-1M-solution at pH 7; in 
other words (AH, — AH,) is the heat of hydrolysis of 
0-1 m-glutamine to form 0-1M-ammonium glutamate 
at pH 7. 


Table 2. Heat of hydrolysis of the amide 


group of asparagine: 
asparagine + water -> aspartate‘ ~ + NH,* 
40-160 pl. of 0-1mM-asparagine was added to 15 ml. of 
001m-borate buffer, pH 8-5, containing 0-6 ml. of aspara- 
ginase. The AH, values of the third column apply to the 
transformation of aqueous asparagine into ammonium 
aspartate dissolved in buffer at pH 8-5. 


AH, observed 


Asparagine Heat evolved 
(cal./mole) 


(umoles) (meal.) 
4-0 20-4 — 5100 
2-0 10-5 — 5250 
1-0 5-2 — 5200 
8-0 40-4 — 5050 
16-0 81-8 — 5120 
Mean-+s.z. -—5140+85 





160 ul. of aqueous 0-1M-ammonium aspartate solution 
was added to 15 ml. of borate buffer plus asparaginase as 
above. 


Ammonium 
aspartate Heat absorbed 
(umoles) (meal.) 
8-0 4-36 
8-0 4-70 


AH, observed 
(cal./mole) 
550 
590 


Mean 570 


AH, - AH, = — 5710 cal./mole. This value is for the 
reaction in aqueous 0-1M-solution at pH 7-0. 


ENZYMIC HYDROLYSIS OF GLUTAMINE AND ASPARAGINE 


Hydrolysis of asparagine 


Upon addition of asparagine to a solution of 
asparaginase in borate buffer at pH 8-5, a sub- 
stantial absorption of heat was first observed, 
followed by the heat production of the enzymic 
hydrolysis. This was presumably due to ionic inter- 
actions between the asparagine and buffer since a 
similar heat absorption (830 cal./mole of asparagine) 
occurred in the absence of enzyme without, of 
course, the subsequent heat production due to 
hydrolysis. The initial heat absorption is reversed in 
the course of hydrolysis and therefore the final net 
production of heat obtained from the calorimeter 
records does not require correction for the inter- 
action of asparagine and buffer. It is, however, 
necessary to measure the heat change on mixing 
ammonium aspartate with the enzyme—buffer 
solution as was done with ammonium glutamate in 
the experiments with glutamine. The enthalpy 
changes observed (Table 2) were 


AH, = 5140 + 85 cal./mole 


for the conversion of aqueous 0-1 M-asparagine into 
ammonium aspartate dissolved in 0-01M-borate 
buffer (pH 8-5) containing asparaginase, and 
AH, = 570 cal./mole for the addition of aqueous 
0-1M-ammonium aspartate to the mixture of 
buffer and enzyme. Thus the heat of asparagine 
hydrolysis is 


(AH, — AH,) = — 5710 cal./mole (pH 7-0). 


The completeness of hydrolysis in these experi- 
ments was established by the consistency of the 
heat changes over a 16-fold change of substrate 
concentrations (Table 2). 


els i “ 
Association of glutamate and H™ ions 


The transformation of glutamate’ ions into 
the zwitterionic glutamic acid was carried out in 
the microcalorimeter by adding HCl to excess of 
sodium glutamate, 0-01, pH 6-0 (Table 3). After 
the heat change had been measured, the final pH 
was determined so that the amount of HCl reacting 
could be calculated. As shown in Table 3, the 
amounts of HCl not reacting with glutamate* 
were negligibly small. The corrections from Table 5 
were applied as shown in Table 3. These corrections 
were not necessary for the bicompartmented 
reaction vessels. The values obtained for the 
enthalpy changes due to the association of glut- 
amate* and H* ions are similar in the different 
experiments of Table 3 despite the different types 
of reaction vessel or concentrations of HCl. The 
mean (+8.E.M.) of these values is — 950 + 30 cal./ 
mole. 
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Association of aspartate*”~ and H* ions 


1954 
DISCUSSION 
In Table 4 the corresponding experiments with 

aspartic acid are summarized, as carried out with The enthalpy changes/mole that have been ob, 
drops of 70-140 yl. of 0-117N-HCl added to 15 ml. served in this investigation are as follows: 
of 0 01 M sodium aspartate. The quantity of H* not Glutamine (aq.) +H,O -> glutamate*~~ + NH,*, 
reacting with the aspartate was again calculated a " 

nv oats AH = — 5160 + 70 cal. 
from the pH. The observed heat of association of 
aspartate’ ~ and H* ions to form aqueous aspartic Glutamate*~~ +H* — glutamic acid, 
acid is AH = — 1530 + 35 cal./mole. AH = — 950 + 30 cal. 


Table 3. Heat of association of glutamate*~~ and H* ions to form glutamic acid 


In experiments with ‘bicompartmented’ vessels, 5-5-8-0 ml. of 4-1 mn-HCl was placed in one compartment and the 
other compartment was filled with a similar volume of 0-01 M-sodium glutamate. In experiments with ‘drop’ vesseb, 
0-117N-HCl was used in small amounts, as shown in column 1, while the larger space of the vessel was filled with 15 ml, 
of 0-01m-sodium glutamate. The amounts of H+ ion which had reacted were calculated from the amount of HCl added 
and the pH changes. For the corrections applied in column 5 see Table 5. 


Heat 
corrected 
HCl added H+ ion Heat for dilution 
—~—____—_, reacting evolved of HCl -AH Type of vessel 
(umoles) (umoles) (meal.) (meal.) (cal./mole) employed 


32-8 2:5 30-1 } {o50 Teflon ‘bicompartmented’ 


] 
| 


~ 


29-1 97. 26-2 No corr. 930 


28-7 24-6 910 Glass ‘ bicompartmented’ 
5 22-9 1080* 


22:5 
23-2 24-4 21:8 950 Glass ‘drop’ 
11-7 13-3 11-9 1020 

6-1 5-4 930 


5°85 
Mean-+s.£. 950+30 


* Omitted from average but included in s.z. 


adcsesd 5 


No corr. 
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Table 4. Heat of association of aspartate+~” and H* ions to form aspartic*~ acid 


Experiments were carried out in calorimetric vessels with drops of 0-117N-HCl and 15 ml. of 0-01M-sodium aspartate, 
as described for the analogous experiments with glutamate in Table 3. For the corrections applied in column 4 see Tableé. 


Heat corrected 
H+ ion Heat for dilution 
HCl added reacting evolved of HCl -AH 
(umoles) (umoles) (meal.) (meal.) (cal./mole) 
11-70 11-60 19-0 17-5 1500 
7-03 7-00 11-9 11-0 1570 
14-05 13-70 22-6 20-8 1520 


Mean +3s.E. 1530 +35 








Table 5. Corrections applied in ‘drop’ experiments of Tables 3 and 4 
Heat Heat/mole of HCl 


Procedure (meal.) (cal.) 


Addition of 100 ul. of 0-117N-HCl to 2-6 220 evolved 
15 ml. of water 


Addition of 100 yl. of water to 15 ml. of 1-4 100 absorbed 
0-01 m-sodium glutamate 


Total correction, to be subtracted: 120 evolved 
Addition of 100 yl. of 0-117N-HCl in 2-6 220 evolved 
15 ml. of water 


Addition in 100 yl. of water of 15 ml. of “OE 90 absorbed 
0-01 m-sodium aspartate 


Total correction, to be subtracted 130 evolved 
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Asparagine (aq.) +H,O — aspartate’ + NH,*, 
AH = —5710+100cal. (3) 


Aspartate’ ~ + H* - aspartic acid, 
AH =—1530+365 cal. (4) 


(The errors quoted are standard errors; those for 
reactions 1 and 3 were obtained by adding an 
estimated 14 cal. to the s.z.m. of AH, (Tables 2 
and 3) in order to take account of the expected 

ible errors in the measurement of the smaller 
heat change, AH, .] 

It was expected that if there was a close thermo- 
dynamic analogy between asparagine and glut- 
amine, the heats of their hydrolysis to form the 
acids would be closer together than would the 
heats of hydrolysis to form the aspartate*™” and 
gutamate*”~ ions. However, when the heats of 
hydrolysis to form the acids are calculated from the 
above data, it is seen that there is a considerable 
difference between the values for the two amides: 


Glutamine (aqueous; pH 7)+H,0+H*t 
+ glutamic acid +NH,*, AH = —6110 cal. 


The corresponding value for asparagine is — 7240 
cal. In view of these unexpected differences it 
does not seem that a satisfactory value for the free 
mergy of hydrolysis of glutamine can be obtained 
by analogy with the data for asparagine. More 
data are therefore needed to obtain an accurate 
value for the free energy of hydrolysis of adenosine 
triphosphate by a calculation based on the equili- 
brium of the glutamine synthetase reaction. 

Previous values for the free energy of hydrolysis 
of asparagine have been based on the heats of 
combustion and the entropy data for the re- 
actants. Thus the values given by Borsook & 
Huffman (1938) give AG= — 3260 cal. for reaction 
(3) and slightly modified data given by Burton 
(1957) give — 3440 cal. M. F. Morales (appendix to 
Levintow & Meister, 1954) obtained the value of 
-3560 cal., also based on the data of Borsook & 
Huffman (1938). Instead of the heats of com- 
bustion, a value (—3610 cal.) which is probably 
more accurate can now be obtained from the 
directly determined heats of reactions (3) and (4). 
The ancillary data used to obtain this new value 
are the entropies of crystalline asparagine and 
aspartic acid, their heats of solution, the free 
emergy of solution of asparagine (Borsook & 
Huffman, 1938) and the free energies of solution 
and ionization of aspartic acid (see Burton & 
Krebs, 1953). 

The value found for the heats of reactions (3) 
and (4) (total AH = — 7240 cal.) is consistent with 
the available data for the heats of combustion and 
solution of anhydrous asparagine and of aspartic 
acid (Borsook & Huffman, 1938). These data give 
the value of AH = — 7300 cal./mole for the hydro- 
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lysis of aqueous asparagine and the subsequent 
association of an H* ion with the aspartate* ~ ion. 
Another value (—6870 cal./mole) may be calcu- 
lated with the combustion and solution data for 
asparagine monohydrate (Borsook & Huffman, 
1938) instead of the corresponding data for the 
anhydrous compound. 

The values found for the heats of ionization of 
the secondary carboxyls of glutamic and aspartic 
acids are similar in magnitude to those derived 
from titration curves at different temperatures 
(see Borsook & Huffman, 1938; Smith & Smith, 
1942). There are, however, considerable differences 
and the values obtained in this work by direct heat 
measurement are considered to be more reliable. 


SUMMARY 


1. Direct measurements are described of the 
heats evolved upon the enzymic hydrolysis of the 
amide groups of glutamine and asparagine in 
aqueous solution. At pH 7, the AH values are 
—5160+70 and -—5710+100cal./mole respec- 
tively. 

2. The heats of ionization of the secondary 
carboxyl groups of glutamic and aspartic acids 
have also been measured; the respective AH values 
are 950+ 30 and 1530 + 35 cal./mole. 

3. The values found for asparagine are con- 
sistent with the independent values for the heats of 
combustion and solutions of asparagine and aspartic 
acid. 

4. In view of the unexpected difference between 
the heats of hydrolysis of the two amides and also 
between the two heats of ionization, a satisfactory 
value for the free energy of hydrolysis of glutamine 
cannot be obtained by analogy with the data for 
asparagine. More data are therefore needed to 
obtain an accurate value for the free energy change 
of hydrolysis of adenosine triphosphate by a 
calculation based on the equilibrium of the glut- 
amine synthetase reaction. 
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In the preceding paper, Kitzinger & Hems (1959) 
found differences between the heats of hydrolysis 
of the amide groups of asparagine and glutamine 
and concluded that it was not reasonable to assume 
that the free energies of hydrolysis were closely 
similar. AG® for the hydrolysis of glutamine could 
not therefore be estimated from the available 
value for asparagine. As previously discussed, the 
interest of free-energy data for the hydrolysis of 
glutamine is that they allow of a simple calcula- 
tion of the free energy of hydrolysis of the terminal 
pyrophosphate group of adenosine triphosphate. 

For the combined determination of the free 
energy, heat and the entropy changes of an 
equilibrium reaction with one analytical method of 
general applicability, Benzinger (1956) suggested 
making two calorimetric measurements with re- 
actants and products. In the present study, this 
procedure was extended to study a reaction that 
goes practically to completion. By measuring the 
heat produced when glutaminase was added to 
ammonium glutamate solutions, the reversibility 
of the glutaminase reaction could be demonstrated. 
An important advantage of such a calorimetric 
procedure is that small chemical changes can be 
followed whatever is the original composition of the 
reaction mixtures. It was therefore possible to 
study the formation or disappearance of small 
amounts of glutamine in mixtures which contained 
1000-3000 times as much ammonium glutamate as 
glutamine. 

The free-energy change for the hydrolysis of 
glutamine has been combined with data for the 
glutamine synthetase reaction (Levintow & Meister, 
1954; Varner & Webster, 1955) to obtain the free 
energy of hydrolysis of adenosine triphosphate. 


The measurements with glutaminase have been 
briefly reported in an earlier paper (Benzinger & 
Hems, 1956). These experimental results can now 
be considered in conjunction with experimental 
values for the activities of ammonium glutamate in 
aqueous solution [R. A. Robinson personal com- 
munication (1958)] and also with recent values for 
the formation constants of the magnesium com- 
plexes of adenine nucleotides (Burton, 1959). 


EXPERIMENTAL 
Heat measurements 


The microcalorimeter was the same as described in the 
preceding paper (Kitzinger & Hems, 1959). In each experi- 
ment, 16 ml. of the substrate solution (a known mixture of 
ammonium glutamate, KCl and glutamine) was measured 
into the main compartment of a microcalorimetric drop 
vessel (Kitzinger & Benzinger, 1955) and two 0-08 ml. drops 
of the glutaminase solution (20 mg./ml.) were measured 
into each of two dimpled recesses of the vessel. The calori- 
meter was assembled and, when thermal equilibrium 
was attained, the enzyme and substrate were mixed by 
rotating the entire calorimeter. The rate of heat flow 
from the calorimeter vessel and across the thermopile 
of 10000 junctions was continuously recorded (Figs. |, 
3 and 4). 

In the later experiments of this work, the enzyme was 
dissolved in ammonium glutamate plus KCl of the same 
composition as the principal substrate solution. This pro- 
cedure eliminated most of the mixing heat which occurred 
with enzyme dissolved in water. Chemical equilibrium was 
attained in the small volume of enzyme and ammonium 
glutamate before it was mixed with the bulk of the am- 
monium glutamate. 

The chemical and electrical calibrations carried out 
between the experiments are described in the preceding 
paper (Kitzinger & Hems, 1959). 
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Materials 


Glutaminase. This was prepared from Clostridium welchii 
(SR 12) by the method of Hughes & Williamson (1952). To 
increase the enzyme concentration, the solution obtained 
after stage 4 (dialysis) was further treated: stage 4 enzyme 
solution, equivalent to 10g. of dry bacteria, was freeze- 
dried and then redissolved in 10 ml. of water. The clear 
solution was dialysed against 41. of 5 mm-KCl for 4 hr. at 
2, The dialysis reduced the small-molecular-weight ions to 
aminimum, but retained sufficient Cl” ions to activate the 
enzyme. The enzyme solution was then freeze-dried, 
yielding about 28 mg. of dry powder, which was stored at 
-10°. The preparations had no detectable glutamic acid 
decarboxylase activity, as shown by the absence of CO, 
production in Warburg manometers or by a negligible heat 
change in the calorimeter. The enzyme did not liberate 
detectable quantities of ammonia from a sample of DL- 
isoglutamine. 

The dialysis step was not performed for the enzyme used 
for the experiments of Fig. 1. 

L-Glutamine. This was the sample used in the preceding 
paper (Kitzinger & Hems, 1959). 

Ammonium glutamate. Solutions were prepared as 
follows: to 33-1 g. of L-glutamic acid in a 250 ml. volu- 
metric flask was added the calculated quantity of 5n-NH, 
solution to neutralize the acid, and about 180 ml. of water. 


= s 8 


NY 
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The flask was shaken until all the solid had dissolved, and 
2n-HCl was then added dropwise until the pH, as measured 
by a glass electrode, had fallen to about 5-4. The volume 
was made up to 250 ml. with water. This solution contained 
0-9m-glutamic acid, 0-9mM-NH, solution and was 0-0511N 
with respect to chloride. It was diluted as required with 
0-0511 m-KCl. 

Thermodynamic symbols. These are listed by Burton & 
Krebs (1953). 


RESULTS 


Equilibrium of the glutaminase system. In six 
successive experiments, 0-16 ml. of a glutaminase 
preparation (concentrated but not dialysed after 
stage 4) was added to 16 ml. of ammonium glut- 
amate and the heat flow was recorded (Fig. 1). In 
one run (f) no glutamine was added to the glut- 
amate; in all the other experiments (a—e) small 
quantities of glutamine had been added to the 
ammonium glutamate solution before mixing with 
the enzyme. A substantial absorption of heat 
occurred when the enzyme was added to pure 
ammonium glutamate (f). Less heat was ab- 


sorbed in the presence of small amounts of glut- 
amine (d and e) and heat was liberated with more 


40 50 60 


Time (min.) 

Fig. 1. Tracings of calorimeter recordings. The continuous line is the rate of heat flow recorded after mixing 0-16 ml. of 
glutaminase with 16 ml. of glutamine solution in 0-884mM-ammonium glutamate at 25°. The broken line is the heat 
flow of the enzymic reaction after correcting for the initial mixing heat; the shaded areas represent the amount of 
the corresponding heat change. (Above the horizontal line heat was evolved, below the line heat was absorbed.) 
The initial concentration of glutamine in the 16-16 ml. of solution immediately after mixing was (mm): a, 1-57; 
b, 0-923; c, 0-876; d, 0-785; e, 0-672; f, zero. Successive tracings have been displaced in the time axis. Arrows 
indicate time of addition of enzyme, in each experiment. 
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glutamine (a-—c). Although the heat flow observed 
in d was almost negligible, the enzyme was sub- 
sequently shown to be fully active by the addition 
of 12-7 pmoles of glutamine. 

The recordings show an initial spike of heat 
absorption (mixing heat) which is due to rapid 
ionic reactions on mixing the two solutions in the 
calorimeter. It can be separated from the heat of 
the enzymic reaction because the mixing spike has 
the instantaneous rise and exponential decline 
which are characteristic of recordings obtained on 
introducing an instantaneous pulse of heat into the 
instrument (Kitzinger & Benzinger, 1955). As shown 
by the broken lines and shaded areas, the heat of 
the enzymic reaction has a slower rise and a slower 
decline. The discontinuities in the later portions of 
some of the curves are due to repeated mixing opera- 
tions, carried out to show the absence of appreciable 
thermal disturbances associated with the agitation. 

In Fig. 2, the rates of heat production or ab- 
sorption at 12 min. after mixing are plotted against 
the quantities of glutamine added to the am- 
monium glutamate solutions. The time of 12 min. 
was chosen because the mixing heat had then 
subsided. A linear relationship was found between 
the rates of reaction and the initial concentrations 
of glutamine on either side of the equilibrium 
position. By interpolation (Fig. 2) there would 
have been no heat change in the presence of 
0-83 mm-glutamine. An alternative but less 
accurate method of calculation is based on the 
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total heat changes. The equilibrium position thy 
calculated agrees within 1 %. 

Two further series were performed, one with 
0-444m- (Fig. 3) and the other with 0-223y. 
ammonium glutamate (Fig. 4). For these exper. 
ments a dialysis step had been included in the pr. 
paration of the enzyme, and, as mentioned above, 
the enzyme was dissolved in substrate solution 
instead of in water to reduce further the heats of 
mixing. The equilibrium quantities of glutamine 
contained in these enzyme drops have been con. 
sidered in the evaluation. The amplification of the 
thermoelectric potential was increased by a factor 
of two for the experiments of Fig. 4. 


14 18 
Glutamine (4moles) 


Rate of hydrolysis (~zm-moles/sec.) 


Fig. 2. Graphic evaluation of glutaminase equilibrium. 
Rates of glutamine hydrolysis and glutamine synthesis 
are plotted against the initial glutamine in experiments 
a—f of Fig. 1. The intercept with no heat change is the 
amount of glutamine present at equilibrium/16-16 ml. 


40 60 70 


Time (min.) 


Fig. 3. Tracings of calorimeter recordings. As Fig. 1 but 0-444m-ammonium glutamate and the enzyme were dissolved 
in 0-444M-ammonium glutamate to reduce the heat associated with mixing. Initial concentrations of glutamine 
added to 16 ml. of ammonium glutamate solution were a, 0-530; b, 0-241; c, zero. Interpolated value for zero heat 
change is 0-237 mm. No correction is necessary for the 1% dilution by the enzyme solution since the equilibrium 
concentration of glutamine should have been formed in the 0-16 ml. of enzyme solution before mixing occurred. 
The equilibrium concentration is therefore 0-237 mm. Enzyme was added at zero time. 





1954 


ition thy 


one with 

0-223. 
i EXperi. 
1 the pre. 
»d above, 

solution 
heats of 
lutamine 
een Con. 
on of the 

& factor 


lilibrium, 
synthesis 
eriments 
ige is the 
‘16 ml. 


GLUTAMINASE EQUILIBRIUM 


Heat evolved (pcal./sec.) 
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40 60 
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Fig. 4. Tracings of calorimeter recordings. 


As Fig. 3 but 0-223mM-ammonium glutamate. 


Initial concentrations of 


glutamine (mm): a, 0-118; b, 0-059; c, zero. Interpolated concentration for zero heat change 0-066 mm. Enzyme was 


added at zero time. 








Table 1. Equilibrium of the glutaminase reaction 


Concentrations are those found at equilibrium 25°. 


Molarity at 20° 

Density at 20° (g./ml.) 
Molality 

Mean molal activity coefficient 
Activity (a) at pH 7-0 

(b) at pH 55 


Activity of water, a H,O (pure water = 1-000) 


Ammonium 
glutamate 


 Millimolarity 

| Millimolality 

\ Molal activity coefficient 
\ Activity x 10* 


Apparent equilibrium constant (pH 5-5) 
(moles/1000 g. of water) 


[Ammonium glutamate]? 


Glutamine 


er [Glutamine] 


Thermodynamic equilibrium constant K, 
_ (Ammonium glutamate)? 


+ ~~ (Glutamine) 23,0 





The apparent equilibrium constants were evalu- 
ated by graphical interpolation similar to that of 
Fig. 2 and, as shown in Table 1, there is a marked 
trend with the different concentrations of am- 
monium glutamate. 

Activity coefficients. Molal activity coefficients 
for ammonium glutamate have been measured by 
R. A. Robinson (personal communication, 1958). 
To use these data, the molar concentrations of 
ammonium glutamate have been converted into 
molarities with the aid of measured density values 


Figs. 1 and 2 
0-884 
1-0516 
0-975 
0-543 
0-528 
0-511 
0-970 
0-830 
0-917 
0-94 
0-86 


Fig. 3 
0-444 
1-0302 
0-464 
0-601 
0-283 
0-274 
0-985 
0-237 
0-247 
0-96 
0-24 





(Table 1). Robinson has measured also the 
activity of water in solutions of ammonium glut- 
amate. The activity coefficient of glutamine is 
expected to be close to unity, but, as a check, we 
have compared the solubilities of glutamine in 
water and in 0-884M-ammonium glutamate. The 
solutions were saturated with glutamine by stand- 
ing at 20° for 24hr. with occasional shaking. 
Portions (1 ml.) of each of these solutions and also 
of 0-88 M-ammonium glutamate were measured into 
tared vessels containing known amounts of dry 
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Table 2. Solubility of glutamine in water and in 0-88m-ammonium glutamate 


Saturated solutions of glutamine were prepared in (a) water and (b) ammonium glutamate at pH 7 and 20°. Portions 
(1 ml.) and also 1 ml. portions of 0-88mM-ammonium glutamate were weighed and dried to constant weight. Weights of 
ammonium glutamate in the third column were calculated from the water content and the values in the second column, 


Wt. of 1-00 ml. of solution (g.) 


Wt. after drying (g.) 
Derived values: 
Wt. of water (g.) 
Wt. of ammonium glutamate (g.) 


Wt. of glutamine (g.) 
Concn. of glutamine (moles/1000 g. of water) 


Glutamine 


Glutamine in 
0-88 M-ammonium 
glutamate 


1-0667 
0-1814 


0-88 m-Ammonium 
glutamate 


1-0521 
0-1437 


in water 
1-0133 
0-0395 


0-8853 
0-1433 
0-0381 
0-295 


0-9084 
— 0-1437 
0-0395 - 
0-278 — 


0-9738 


Table 3. Thermodynamic data for the hydrolysis of asparagine and glutamine 


From the data of this and the preceding paper with the ionization constants as used by Burton & Krebs (1953). The 
values appear to be accurate to +0-1 kcal. or better, except for those marked with an asterisk which have probable errors 


of 0-2-0-4 keal. Temp., 25°. 


Glutamine + H,O — glutamate+—- + NH,* 
Asparagine + H,O — aspartate+—- + NH,+ 
Glutamine + H+ + H,O— glutamic acid + NH,* 
Asparagine + H+ +H,O — aspartic acid + NH,+ 


Celite (about 0-5 g.). The vessels plus contents were 
then weighed and dried to constant weight over 
P.O, in a desiccator evacuated to 0-1 mm. Hg. The 
Celite increased the rate of drying, presumably by 
reducing the occlusion of water by the crystals of 
ammonium glutamate. The compositions of the 
saturated solutions were calculated from the losses 
in weights as shown in Table 2. The molal concen- 
tration of glutamine was about 6 % greater in the 
ammonium glutamate solution and thus the 
activity coefficient of glutamine is 0-94 times that 
in water. For the present purposes this value 
should not be substantially different at the much 
lower concentrations of glutamine which are 
present in the equilibrium mixtures. Interpolated 
values have been taken in Table 1 for the lower 
concentrations of ammonium glutamate. 

It will be seen that, despite the large variation 
between the apparent equilibrium constants, the 
thermodynamic constants agree very well after 
correction for the activity coefficients: 


K,=320+3%. 


DISCUSSION 


The reliability of the values for the equilibrium 
constants depends on the absence of side reactions 
which evolve or absorb heat. The more obvious 
possibilities are eliminated by the absence of any 
action on sodium glutamate or isoglutamine, and 
by the agreement between the thermodynamic- 
equilibrium constants at the different concentra- 


TAS® 
(keal.) 
- 1-73 
—9.]* 
3-21* 
1-7* 


AH® 
(keal.) 
— 5:16 
- 5:71 
-6-11 
— 7:24 


AG 
(keal.) 
— 3-42 
—3-6* 
— 9-32 
_ 8-9* 


tions of ammonium glutamate. The shapes of the 
heat flow—time curves are also evidence against the 
occurrence of side reactions. Thus those not in- 
volving glutamine would have reversed the sign of 
the heat production during experiment c or d of 
Fig. 1, except in the improbable case that the time 
course of the side reaction was similar to that of the 
glutaminase reaction. A side reaction involving 
glutamine would have produced different shapes of 
the heat flow—time curves depending on the direc- 
tion from which equilibrium was approached. 
Such a difference is not seen in the comparison of 
curves a and f or b and e of Fig. 1. 

The equilibrium constant obtained (K,=320 at 
25°) corresponds to a free-energy change of 
— 3-42 keal. for the reaction: 


Glutamine + H,O > glutamate*” + NH,*. (1) 


We consider +10% in the thermodynamic- 
equilibrium constant or +0-06 kcal. in the free- 
energy change a reasonable estimate of the total 
possible error, taking into account probable errors 
in preparing and measuring solutions and in the 
activity coefficients of ammonium glutamate and 
glutamine. 

From the heat of reaction (Kitzinger & Hems, 
1959), AG® is calculated to be — 3-35 kcal. at 37° 
and the equilibrium constant is 225. 

Comparison between asparagine and glutamine. 
The thermodynamic data for the hydrolysis of the 
two amides are shown in Table 3. Although the 
AG® values are fairly close, the AH® and AS® values 
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differ substantially from each other when the 
products are the acids, but less when they are the 
aspartate’ ~ and glutamate*”~ ions. The greatest 
differences are under the conditions where the 
closest agreement might have been expected 
(Morales, Botts, Blum & Hill, 1955). 

Free energy of hydrolysis of adenosine triphosphate. 
To derive this we use the data of Levintow & 
Meister (1954) and of Varner & Webster (1955) for 
the equilibrium of the glutamine synthetase re- 
action. The equilibrium is complicated by the 
formation of complexes with Mg*+ ion which is an 
essential component of the glutamine synthetase 
system. In most of Levintow & Meister’s measure- 
ments, the equilibrium mixtures contained approxi- 
mately 9 mm-adenosine diphosphate (ADP), mm- 
adenosine triphosphate (ATP), 9 mM-inorganic 
orthophosphate, 9 mm-glutamine, mM-ammonium 
glutamate, 50 mm-MgCl,, about 30 mm-Na* ion, 
2-amino-2-hydroxymethylpropane-1:3-diol (tris) or 
imidazole buffer and the enzyme. 

Only the phosphate compounds bind appreciable 
amounts of Mg*+ ion, since (1) the pH of either of 
the buffers is not appreciably altered by 0-2m- 
MgCl, and (2) less than 0-03 atom of Mg is bound/ 
mole of ammonium glutamate at pH 7 and 12-5 mm- 
free Mg?+ ion, as shown by spectrophotometric 
measurements made with 8-hydroxyquinoline 
according to the procedure of Burton (1959). 
Glutamine is expected to bind less strongly than 
the glutamate ion by analogy with the behaviour 
of asparagine and the aspartate ion (Albert, 
1952). 

On the other hand, virtually all of the ATP and 
ADP would be present as magnesium complexes 
(see Burton, 1959). Assuming that the formation 
of bimetallic complexes such as Mg,ATP is not 
appreciable, 10 mm-Mg?+ ion will be bound by the 
nucleotides. Smith & Alberty (1956a,b) have 
studied the binding of cations by inorganic ortho- 
phosphate at 25° and their results indicate that the 
total of 9 mm-phosphate would be divided into 
48mm-MgHPO,, 0-:22mm-NaHPO,, 1-81 mm- 
H,PO, and 2-18 mm-HPO,?-. The measurements 
of Clarke, Cusworth & Datta (1954) show that these 
values would be slightly altered at 37° so that the 
concentrations would be about 5-2 mm-MgHPO, 
and 1-58 mm-HPO,-*. Thus there would remain 
about 35 mm-free Mg*+ ion in the glutamine syn- 
thetase-equilibrium mixtures. 

In a personal communication, Levintow has 
recently confirmed that the best value from 
Levintow & Meister’s measurements of the equi- 
librium constant was 
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x-lADP] [inorganic phosphate] [glutamine] 


[ATP] [NH,] [glutamate] 
= 1200 at pH 7-0 and 37°. 
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The few measurements at 22° instead of 37° or at 
different pH values are considered less reliable 
because the reduced activity of the enzyme under 
these conditions made it uncertain that true 
equilibrium conditions were reached. The concen- 
trations used to obtain this equilibrium constant 
are the total concentrations, including all the ionic 
species and complexed forms of each compound. 
The total ionic strength in the equilibrium mixtures 
is calculated to be about 0-2, and the mean ion 
activity coefficient of ammonium glutamate is 
therefore 0-69 [Robinson, personal communication]. 
The activity coefficient of the glutamine is taken to 
be unity. We can therefore convert the above 
equilibrium constant into the following one: 


_ [MgADP ] [HPO,?-] (glutamine) 

a ([MgATP?2-] (N H,* ) (glut amatet ) 

_ 1200 x 1-58 
~ (0-69)? x 9-0 


405 


re 


= 442 at pH 7-0 and 37°. 


As is customary, brackets indicate concentrations 
and parentheses indicate thermodynamic activities. 

When equilibrium was approached from the 
other side, Levintow & Meister found a lower value 
for their observed equilibrium constant (730 
instead of 1200; K’=270), and it seemed that 
equilibrium had not been attained because the 
reaction was very slow. Varner & Webster (1955) 
have also studied the equilibrium from this side. 
Their observed equilibrium constant is 1700 at 
pH 7-4 and 35° and an ionic strength of about 0-15. 
When converted in the same way as above, we 
find K’ = 900 at pH 7-4 and 35° (the values used in 
this conversion are: free Mg*+ ion=25 mm; 
MgHPO,=3-1mm; HPO,?-=1-37 mm; total in- 
organic phosphate=5mm; y+=0-72 for am- 
monium glutamate). The constant K’ becomes 360 
at pH 7-0 because a H®* ion is involved in the net 
reaction : 
MgATP?2- + NH,* + glutamate*~ 

= glutamine + MgADP?- + HPO,?-+H"™. (2) 

On the basis of these values we take K’ = 400 + 120 
at pH 7-0 and 37°. The allowance for error is an 
estimate of the total error and it includes allow- 
ances for the deviations reported by Levintow & 
Meister as well as uncertainty about the attain- 
ment of equilibrium. When this value is combined 
with that of 225+22 for the thermodynamic 
equilibrium constant of the glutaminase reaction at 
37° we can calculate the equilibrium constant at 
pH 7-0, 37° and ionic strength about 0-2; 

. [MgADP ] [HPO,?-] 
= [MgATP?2-] 

This corresponds to AG’ = —7-0 + 0-17 keal. for the 
reaction 

MgATP?- +H,0 > MgADP?- + HPO,?- +H". (3) 


=9+4x10'm. 
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This is reasonably close to the estimate of 
— 7-46 keal. (30°) derived from the hexokinase 
(Robbins & Boyer, 1957) and glucose 6-phos- 
phatase equilibria (Meyerhof & Green, 1949; see 
Robbins & Boyer, 1957). Appreciable errors may, 
however, have been introduced into this estimate 
by assumptions about the activity coefficients for 
the equilibrium mixtures of the glucose 6-phos- 
phatase reaction. 
With no magnesium, reaction (3) becomes 


ATP‘-+H,0 > ADP*-+HPO,2-+H* (4) 


and, to obtain its AG’, the formation constants are 
needed for the magnesium complexes of ATP and 
ADP. Previously (Burton & Krebs, 1953; Robbins 
& Boyer, 1957; Burton, 1958) the values used for 
these constants indicated that AG’ of reaction (4) 
was more negative than that for reaction (3) by 
0-5 keal. (Burton & Krebs, 1953) or 0-7 kcal. 
{Smith & Alberty, 19566). The difference is similar 
to Nanninga’s (1957) values for the formation 
constants but considerably larger if the values of 
Martell & Schwarzenbach (1956) or of Walaas 
(1957) are used. The larger difference has recently 
been confirmed by Burton (1959), whose results 
indicate a difference of 1-7 kcal. at 37° and ionic 
strength 0-1. The difference appears to be smaller at 
higher ionic strengths so, taking 1-6 kcal. for an 
ionic strength of 0-2, the value of —8-6 kcal. is 
obtained for AG’ of reaction (4) at pH 7 and 37° 
(—9-3 keal. at pH 7-5). With the aid of the known 
heat of reaction (Kitzinger & Benzinger, 1955; 
Podolsky & Morales, 1956) these values can be con- 
verted into other temperatures (e.g. — 9-1 keal. at 
pH 7-5 and 25°). 

The value at pH 7-5 is given because of its con- 
venience for free-energy calculations. It so happens 
that, at this pH, there is little difference between 
the value of AG’ (which applies to M-concentrations 
of the specific ionic forms) and the value which 
applies to M-total concentration of each phosphate 
compound, whereas there is a larger difference at 
pH 7. 

As pointed out in a recent brief survey (Burton, 
1958), the more reliable estimates for the free 
energy of hydrolysis of ATP are in reasonable 
agreement with each other. In most of these 
estimates, the effects of the binding by Mg?+ ions 
was ignored and when these effects were considered, 
the data of Burton & Krebs (1953) or of Smith & 
Alberty (19566) were used. The larger effect of the 
magnesium-binding means that the estimates 
quoted by Burton (1958) for reaction (4) should 
all be changed in the same direction by an amount 
between 0-7 and 1-6 keal. This correction does not 
destroy the general agreement between the more 
reliable of the estimates. The estimates quoted for 
the free-energy changes in living cells or during 
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oxidative phosphorylation will not be altered if, ag 
seems probable, ATP and ADP are mostly present 
as their metal complexes. 


SUMMARY 


1. Reversal of the enzyme-catalysed hydro. 
lysis of the amide group of glutamine has been 
studied by following the heat changes by a 
sensitive calorimeter. At pH 5-5 and 25°, the 
apparent equilibrium constants were found to 
be 1040, 885 or 765 moles/1000 g. of water with 
0-885, 0-444 or 0-223M-ammonium glutamate re. 
spectively. 

2. This trend disappeared after correcting for the 
activity coefficients. The respective thermodynamic 
equilibrium constants become 314, 318 and 330 
at pH 7 and 25° and the free energy of hydrolysis 
is therefore — 3-42 + 0-06 kcal./mole. 

3. By the use of equilibrium data for the 
glutamine synthetase reaction (Levintow & 
Meister, 1954; Varner & Webster, 1955), the free 
energy of hydrolysis of MgATP?- to MgADP’ and 
HPO,?- ions is found to be —7-0 keal. at pH7 
and 37°. 

4. In the absence of magnesium, the value of 
— 9-3 keal. (pH 7-5, 37°) has been obtained for the 
free energy of hydrolysis of ATP4--:to ADP®- and 
HPO,?- ions. 
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T.B. and C.K. at Oxford. We are also most grateful 
to Professor R. A. Robinson for his results on the 
activity of ammonium glutamate, to Dr A. C. Chibnall, 
F.R.S., for a sample of isoglutamine and to Dr L. Levintow 
for helpful discussion. 


REFERENCES 


Albert, A. (1952). Biochem. J. 50, 690. 

Benzinger, T. (1956). Proc. nat. Acad. Sci., Wash., 42, 
109. 

Benzinger, T. & Hems, R. (1956). Proc. nat. Acad. Sei. 
Wash., 42, 896. 

Burton, K. (1958). Nature, Lond., 181, 1594. 

Burton, K. (1959). Biochem. J. 71, 388. 

Burton, K. & Krebs, H. A. (1953). 
94. 

Clarke, H. B., Cusworth, D. C. & Datta, S. P. (1954). 
Biochem. J. 58, 146. 

Hughes, D. E. & Williamson, D. H. (1952). Biochem. J. 51, 
45. 

Kitzinger, C. & Benzinger, T. (1955). Z. Naturforsch. 10b, 
375. 

Kitzinger, C. & Hems, R. (1959). 
395. 

Levintow, L. & Meister, A. (1954). J. biol. Chem. 208, 
265. 


Biochem. J. 5&4, 


Biochem. J 1, 





Vol. 71 


Martell, A. E. & Schwarzenbach, G. (1956). Helv. chim. 
acta, 39, 653. 
Meyerhof, O. & Green, H. (1949). J. biol. Chem. 178, 


655. 

Morales, M. F., Botts, J., Blum, J. J. & Hill, T. L. (1955). 
Physiol. Rev. 35, 475. 

Nanninga, L. B. (1957). J. phys. Chem. 61, 1144. 

Podolsky, R. T. & Morales, M. F. (1956). J. biol. Chem. 
218, 945. 


GLUTAMINASE EQUILIBRIUM 


407 


Robbins, E. A. & Boyer, P. D. (1957). J. biol. Chem. 224, 
121. 

Smith, R. M. & Alberty, R. A. (1956a). J. Amer. chem. Soc. 
78, 2376. 

Smith, R. M. & Alberty, R. A. (19566). J. phys. Chem. 60, 
180. 

Varner, J. E. & Webster, G. C. (1955). Plant Physiol. 30, 
393. 

Walaas, E. (1957). Acta chem. scand. 11, 1082. 


Studies on Carbohydrate-Metabolizing Enzymes 
TRANS-f-GLUCOSYLATION BY BARLEY ENZYMES 


By F. B. ANDERSON anp D. J. MANNERS 
Department of Chemistry, University of Edinburgh 


(Received 1 September 1958) 


Recent investigations (reviewed by Gottschalk, 
1958) have shown that the enzymic hydrolysis of a 
glycosidic linkage in an oligosaccharide is, in fact, 
a transglycosylation reaction in which a glycosyl 
group is transferred from the substrate to a water 
molecule. The latter thus acts as a glycosyl 
acceptor : 


G-O-X + Enzyme—-H + Enzyme—G + H-—O-X, (1) 
Enzyme-G + H—O-R — Enzyme—H + G—O-R, (2) 


where R is a hydrogen atom, G-O—X represents the 
substrate (glycosyl donor) and H—O-R the glycosyl 
acceptor. Other compounds containing hydroxyl 
groups (e.g. carbohydrates or alcohols) may 
function as glycosyl acceptors, and with these the 
synthesis of a new saccharide or glycoside is ob- 
served. In the transglycosylation reaction the con- 
figuration of the glycosidic linkage is retained. The 
hydrolytic and ‘transferase’ activity of a carbo- 
hydrase thus represent two examples of the same 
enzymic reaction, and the enzyme will show a dual 
specificity towards the glycosyl donor and the 
acceptor. 

During a study of barley B-glucosidases, Manners 
(1955a) found that whereas cellobiose in dilute 
aqueous solution was completely hydrolysed to 
glucose, in concentrated solution the production of 
glucose was accompanied by oligosaccharide 
synthesis. The latter could arise by the enzymic 
transfer of B-glucosyl radicals to glucose and cello- 
biose. This paper describes the characterization of 
these oligosaccharides, and this has enabled the 
acceptor specificity of barley cellobiase to be deter- 
mined. For convenience, the enzyme system 
catalysing reactions (1) and (2) with cellobiose as 
B-glucosyl donor will be referred to as cellobiase, 


although purification has not been attempted and 
information on the number of active factors is not 
available. 


METHODS AND MATERIALS 
Analytical methods 


Chromatography. (a) Qualitative. Descending paper 
chromatograms were prepared at room temperature with 
Whatman no. 1 paper and either ethyl acetate—pyridine— 
water (10:4:3, by vol.) (A) or propanol-ethy] acetate—water 
(6:1:3, by vol.) (B) as solvent. Aniline oxalate or silver 
nitrate-sodium hydroxide was used as spray reagent. The 
rate of movement of sugars is expressed relative to D- 
glucose (Rg values). 2 

(b) Preparative. Charcoal—Celite columns were prepared 
as previously described (Duncan & Manners, 1958). 

Electrephoresis. Separation of oligosaccharides on 
Whatman no. | paper was effected in an apparatus similar 
to that described by Foster (1952) at 750v and 10 ma. 
0-1n-Borate buffer (pH 10-0) was used. 

Acid hydrolysis. Complete acid hydrolysis of oligosac- 
charides was carried out by heating with 1-5N-sulphuric 
acid (0-5% solution) at 100° for 3hr. Reducing sugars 
were determined with the Somogyi (1952) reagent cali- 
brated against glucose and cellobiose. Partial acid hydro- 
lysis of oligosaccharides and the derived aldonic acids was 
effected by the methods of Duncan & Manners (1958). 

Periodate oxidation. The consumption of periodate, 
production of formic acid, and formaldehyde were deter- 
mined by the methods of Fleury & Lange (1933), Halsall, 
Hirst & Jones (1947) and Hough, Powell & Woods (1956), 
respectively. 

Acetylation of sugars. The oligosaccharide (about 50 mg.) 
was heated at 135° with sodium acetate (80 mg.) and acetic 
anhydride (1-5 ml.) until solution was effected, and then for 
a further 15 min. The acetylated product was separated by 
pouring into ice-cold water (5-10 ml.), purified by solution 
in chloroform and recrystallized from methanol. 
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Enzyme preparation 

Flour produced by hammer-milling Spratt—Archer 
barley (1954 harvest) provided the enzyme source. A 
sample (300 g.) was extracted with 0-02M-acetate buffer 
(pH 5-0; 11.) for 2 hr. at room temperature with constant 
stirring; the grain residue was removed and the solution 
(750 ml.) dialysed for 2 days against running tap water. 
The solution (780 ml.) was then cooled to 0°, and absolute 
ethanol (3 vol.; at 0°) slowly added with constant stirring. 
The precipitated protein was collected and suspended in 
m-acetate buffer (pH 3-0; 250 ml.) at 35° for 90 min. to 
inactivate amylases. The solution was then adjusted to 
pH 5-0 and insoluble material (Z) collected by centrifuging, 
suspended in water and freeze-dried (yield 1-1 g.). The 
supernatant solution was also freeze-dried (fraction S; 
yield 6-6 g.). 


EXPERIMENTAL AND RESULTS 


Preliminary experiments 


Digests containing cellobiose (0-2 g.), barley frac- 
tion IJ or S (20 mg.), toluene and 0-04M-acetate 
buffer (pH 5-0; Ilml.) were incubated at 35°. 
Paper-chromatographic analysis (solvent A) showed 
that oligosaccharides were present in both digests 
within 2 days, with R, values 0-73 and 0-39 (to- 
gether with traces of higher oligosaccharides). On 
continuing the incubation, the cellobiose content 
decreased and the proportion of oligosaccharides 
increased. After 18 days, sugars with R, values 
0-73, 0-39, 0-30, 0-25 and 0-13 were present. The R, 
values of authentic samples of laminaribiose and 
gentiobiose were 0-73 and 0-40; cellobiose had R, 
0-53. 

A similar digest containing glucose (0-2 g.) was 
prepared; oligosaccharide synthesis did not take 
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place. Further control experiments showed that 
the cellobiose substrate was chromatographically 
pure (it had previously been chromatographed on 
a charcoal—Celite column) and was not attacked by 
heat-inactivated barley fraction S. 


Preparation and isolation of oligosaccharides 


A digest containing cellobiose (27 g.), water 
(350 ml.) and enzyme solution (150 ml.) was incu. 
bated at 35° in the presence of toluene and chloro- 
form. The enzyme solution consisted of a 2 % (w/v) 
solution of barley fraction S in 0-04M-acetate 
buffer (pH 5-0). Samples of the digest were 
examined chromatographically at intervals; the 
results were identical with those in the preliminary 
experiment. After 18 days the digest was heated to 
inactivate the enzyme and coagulated protein 
removed by filtration. 

The solution was concentrated and the oligosac- 
charides were separated on a _ charcoal-Celite 
column (150 cm. x 5 cm.); details of the separation 
are given in Table 1. 


Characterization of oligosaccharides 


With the exception of fraction 6, the oligosac- 
charides were homogeneous by paper chromato- 
graphy and electrophoresis. On acid hydrolysis, 
glucose was the sole product (paper chromato- 
graphy). 

Fraction 1. This sugar had the same R,, reducing 
power and specific rotation (+ 52°) as D-glucose. 

Fraction 2. This fraction had the reducing 
power of a disaccharide, was hydrolysed by almond 
emulsin to glucose and had the R, of gentiobiose. 
A portion (150 mg.) was acetylated; the product 





Table 1. Chromatographic separation of oligosaccharides synthesized from cellobiose 


Vol. of 
eluent 
(1.) 

12-5 
10-0 
8-0 
3-4 
4-0 
11-0 
5-0 
7-0 
6-0 
12-0 0- 
. 0- 


Rg value 
of sugar 
(solvent A) 

1-0 
1-0 + mixture 


Eluent 
Water 


Ethanol (5% i 
1-0 + mixture 
0-40 

0-40 + 0°55 
0-55 

Ethanol (7%) ; 


Ethanol (10%) 
Ethanol (15%) 


Mixture 
0-15 


0-25 + mixture 


0-30 


Ethanol (20%) Mixture 


Yield Fraction 
(mg.) no. 
20 000 1 
Trace 


Identity 
Glucose 


Trace 
1 500 
Trace 
320 
280 
Trace 


Gentiobiose 


Cellobiose 


Laminaribiose 


Trace 


300 
50 


Gentiotriose 
Cellotriose 


62-B-Glucosylcellobiose 


350 


Trace 
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(160 mg.) had m.p. 192°; [«]}?)—5° in chloroform 
(c, 10-0). Gentiobiose f-octa-acetate has m.p. 
191-193° and [a«],—5° in chloroform (Peat, 
Whelan & Lawley, 1958). 

Fraction 3. This material had the R, and 
reducing power of cellobiose. The corresponding 
acetate (yield 60 mg. from 50 mg.) had m.p. 192- 
193°, [«]?? — 12° in chloroform (c, 3-3); an authentic 
sample of cellobiose B-octa-acetate had m.p. 192°, 
{aj -14°. in chloroform. On oxidation with 
sodium metaperiodate buffered at pH 8-0, the 
fraction (5 mg.) gave formaldehyde (2-05 mol.prop. ; 
theoretical value 2-0). 

Fraction 4. This fraction had the same R, and 
reducing power as laminaribiose, and was com- 
pletely hydrolysed to glucose by almond emulsin. 
The sugar was recrystallized from ethanol and 
had m.p. 160-163°; [«]}? 28° + 22° in water 
(c, 1:5) [ef. m.p. 160—-163°; [«]}} 23° + 19° in water 
reported by Connell, Hirst & Percival (1950) for 
laminaribiose]. The N-benzylglycosylamine deri- 
yvative (cf. Bayly & Bourne, 1953) had the same 
R, value as that from an authentic sample of 
laminaribiose, and the derived osazone had m.p. 
194-196° and mixed m.p. 193—194° with lamina- 
ribiosazone. 

Fraction 5. This sugar had the reducing power of 
atrisaccharide. Partial acid hydrolysis of both the 
sugar and the corresponding aldonic acid gave 
glucose and gentiobiose. On oxidation with sodium 
metaperiodate at room temperature the initial and 
fnal production of formic acid was 4-0 and 
54 mol.prop. respectively. The theoretical values 
for gentiotriose are 4:0 and 6-0mol.prop. Final 
confirmation of identity was provided by periodate 
oxidation at pH 8; no formaldehyde could be 
detected after 2 days (cf. Hough & Perry, 
1956). 

Fraction 6. The major component of this 
mixed fraction had the same R, as cellotriose, 
kindly supplied by Dr W. J. Whelan (solvents A 
and B). 

Fraction 7. This material had R, 0-30 (solvent A), 
the reducing power of a trisaccharide, was hydro- 
lysed by almond emulsin and on partial hydrolysis 
with acid gave glucose, cellobiose and gentiobiose. 
After oxidation with hypoiodite, a partial hydro- 
lysate contained glucose and gentiobiose. This 
indicates that fraction 7 is 6?-8-glucosylcellobiose 
[see Crook & Stone (1957) for definition of nomen- 
clature]. The identity has been confirmed by perio- 
date oxidation. At room temperature, the con- 
sumption of periodate was 6-3 and 6-7 mol.prop. 
after 4 and 24 hr.; the theoretical values for the 
initial and total primary oxidation are 6-0 and 
70 mol.prop. respectively. The production of 
formic acid amounted to 3-9, 4-0 and 4-1 mol.prop. 
after oxidation for 2, 4 and 5 days (theoretical 
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value 4-0). On oxidation in phosphate buffer 
(pH 8-0) at 35°, 1-03 mol.prop. of formaldehyde 
was liberated (theoretical value 1-0). 


Transfer of B-glycosyl radicals to pentoses 


Digests were prepared containing cellobiose 
(100 mg.), D-xylose, pD-lyxose or D-arabinose 
(100 mg. in 2 ml. of water) and barley fraction S 
(20 mg. in 1 ml. of 0-04M-acetate buffer, pH 5-0) 
and were incubated at 35°. After incubation for 
3 days paper chromatography in solvent A showed 
glucose, cellobiose and a new component. When 
xylose was present the new component had 
R, 0-86, the same as for authentic 3-O-f-p-gluco- 
pyranosyl-p-xylose, the product from lyxose had 
R, 0-90 and from arabinose 0-75. After incubation 
for 5 days the xylose digest contained a second new 
component with R, 0-68. All the new sugars 
stained pink with aniline oxalate and are pre- 
sumably glucosyl—pentose disaccharides. 


DISCUSSION 


The present investigation has shown that extracts 
of ungerminated barley contain carbohydrase(s) 
which can transfer B-glucosyl radicals from cello- 
biose to glucose and glucodisaccharides, and to 
various pentoses. However, the barley enzymes 
are unable to synthesize oligosaccharides from 
glucose itself, and in this respect differ from the f- 
glucosidases of almond emulsin (Peat, Whelan & 
Hinson, 1952) and Aspergillus niger (Peat, Whelan 
& Hinson, 1955; Crook & Stone, 1957). A trans- 
glycosylation mechanism of the type shown in 
equations (1) and (2) is therefore indicated. 

A solution of cellobiose (5-4%, w/v) was con- 
verted into a mixture of glucose (87 %), gentiobiose 
(6-5 %), laminaribiose (1-2 %), gentiotriose (1-3 %), 
6?-B-glucosylcellobiose (1:-5%) and_ cellotriose 
(0-5%). Cellobiose (1-4%) and traces of other 
oligosaccharides were also present. Since the tri- 
saccharides appear after the disaccharides it is 
probable that in the initial trans-B-glucosylation 
reaction part of the cellobiose is hydrolysed to 
glucose, which can then act as an acceptor mole- 
cule. Transfer to the primary alcoholic group (C-6) 
is predominant. Some of the trisaccharides are 
then formed by f-glucosyl transfer to the hydroxyl 
group at C-6 and C-4 of the non-reducing glucose 
residue of cellobiose or to the similar primary 
alcohol group of gentiobiose. It seems likely that 
barley cellobiase is responsible for the observed 
synthesis of gentiobiose and laminaribiose (glucose 
acceptor), and of 6?-8-glucosylcellobiose and cello- 
triose (cellobiose acceptor). 

The formation of gentiotriose could be catalysed 
by the same enzyme, or by a related ‘gentiobiase’ 
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(extracts of barley hydrolyse gentiobiose and 
amygdalin) with gentiobiose rather than cellobiose 
as the f-glucosyl donor. The possible identity of 
barley cellobiase and gentiobiase is being investi- 
gated. 

The metabolism of cellobiose by f-glucosidase 
preparations from several biological sources has 
been investigated recently. Barker, Bourne, 
Hewitt & Stacey (1955) examined the oligosac- 
charides produced by Aspergillus niger (strain 152); 
a number of di- and tri-saccharides were isolated 
and their structures indicated transfer to the 
hydroxyl groups at C-6, C-4, C-3 and C-2 of glucose, 
and to cellobiose and gentiobiose. In general, the 
formation of 8-1:6-glucosidic linkages was favoured. 
Similar observations have been made by Crook & 
Stone (1957) with enzyme preparations from 
A. niger (E19), Helix pomatia, sweet almonds and 
gentian roots. Oligosaccharide formation from 
cellobiose has also been observed with B-glucosidase 
preparations from Aspergillus flavus (Giri, Nigam 
& Srinivasan, 1954) and marine algae (W. A. M. 
Duncan, D. J. Manners & J. L. Thompson, to be 
published). 

Buston & Khan (1956) investigated a related 
enzyme system in Chaetomium globosum; the 
products from cellobiose included cellotriose and 
other trisaccharides, laminaribiose, gentiobiose 
and sophorose. However, this system appears to 
differ from that in barley since trisaccharides were 
detected in the initial stages, before the appearance 
of disaccharides. Indeed, an earlier study by 
Buston & Jabbar (1954) indicated that cellotriose 
was the major product, formed by f-glucosyl 
transfer to cellobiose. The disaccharides may there- 
fore result from trans-f-glucosylation to cellobiose, 
followed by hydrolysis of the f-1:4-linkage ad- 
jacent to the reducing group. Buston & Khan 
(1956) have, in fact, noted that on prolonged incu- 
bation cellotriose disappears from the reaction 
mixture. 

The ability of ‘cellobiase’ enzymes to catalyse 
oligosaccharide formation from concentrated solu- 
tions of cellobiose thus appears to be a general 
property with preparations from higher plants, 
marine algae and certain micro-organisms. How- 
ever, some differences in acceptor specificity are 
apparent, and the present study shows that the 
barley enzyme differs from many others in being 
unable to effect appreciable transfer to the 
hydroxyl group at C-2 of glucose. In general, 
trans-8-glucosylases show a lower specificity to- 
wards the acceptor molecule than the correspond- 
ing trans-«-glucosylases. 

Since the reserve £-glucosan of barley contains 
only 1:3- and 1:4-linkages (Aspinall & Telfer, 
1954), it is unlikely that the transglucosylase 
activity of barley cellobiase is intrinsically of any 
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metabolic significance. The observed oligosae. 
charide synthesis is merely the result of enzyme 
action in the presence of a low concentration of 
water. It follows that in the use of B-glucosidases 
for the structural analysis of polysaccharides (ef. 
Manners, 19556), enzyme action should take place 
in dilute solution, and analysis must be confined to 
the initial stages in order to avoid any possible 
ambiguity. 

It is of interest to note that pentoses may serve 
as acceptor substrates during trans-B-glucosylation 
with barley enzymes. This activity is similar to 
that of enzyme preparations from Aspergillus niger 
(Barker, Bourne, Hewitt & Stacey, 1957) and 
Cladophora rupestris (W. A. M.- Duncan, D. J. 
Manners & J. L. Thompson, to be published). The 
characterization of the glucosyl—pentoses will be 
reported later. 


SUMMARY 


1. Extracts of ungerminated barley catalyse the 
synthesis of oligosaccharides from cellobiose. 

2. The oligosaccharides have been isolated and 
characterized. They include gentiobiose, lamina- 
ribiose, gentiobiose, cellotriose and 6?-8-glucosyl- 
cellobiose. 

3. The acceptor specificity of the barley enzymes 
and similar enzymes from other biological sources is 
discussed. 


We are grateful to Professor E. L. Hirst, F.R.S., for his 
interest and encouragement, and to the Rockefeller 
Foundation for a grant. 
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Progesterone Metabolism: Investigation of the Products of 
Metabolism with Human Liver in vitro 


By L. M. ATHERDEN* 
Pharmacy Department, Sunderland Technical College 


(Received 1 September 1958) 


The metabolism of progesterone in vivo in the 
human subject has been extensively investigated, 
but only 3«-hydroxy-58-pregnan-20-one (pregnan- 
done) (Dorfman, Ross & Shipley, 1948), 5£- 
pregnane-3a:20«-diol (pregnanediol) (Dorfman et al. 
1948), 3a-hydroxy-5«a-pregnan-20-one (Dobriner, 
Lieberman, Rhoads & Taylor, 1948; Dobriner & 
Lieberman, 1950; Davis & Plotz, 1956; Plotz & 
Davis, 1956) and 5a-pregnane-3«:20«-diol (allo- 
pregnanediol) (Kyle & Marrian, 1951) have been 
shown conclusively to be progesterone metabolites. 
The metabolism in vitro has been investigated in 
the rat (Taylor, 1954), but progesterone meta- 
bolism in the rat appears to be different from that 
inthe human (Wiest, 1956) since the rat does not 
excrete pregnanediol in the urine (Atherden & 
Grant, 1957). Taylor (1955) also investigated 
progesterone metabolism in the rabbit which, like 
the human, excretes pregnanediol in the urine; but 
itis well known that steroid metabolism varies with 
species (see, for example, Brooks & Klyne, 1957). 

Thus it seemed desirable that progesterone meta- 
bolism in vitro in the human should be investi- 
gated; Reaven (1955) has shown that «f-unsatur- 
ated ketonic steroids are transformed into sub- 
stances which do not absorb at 240 my when incu- 
bated with human-liver slices; therefore pro- 
gesterone was incubated with a ‘suspension’ pre- 
pared from post-mortem human liver. 


EXPERIMENTAL 


Materials 


All materials were obtained from British Drug Houses Ltd. 
uless otherwise stated. 


° Present address: Pharmacy Department, College of 
Technology, Bristol 7. 


Steroids. Progesterone (Ciba Laboratories Ltd.), in the 
form of prisms (‘a«’-progesterone), had m.p. 127-5-128° 
{all melting points were determined on a micro-melting- 
point apparatus (Gallenkamp and Co. Ltd.) and are un- 
corrected]; 5a-pregnane-3:20-dione (allopregnanedione) 
(L. Light and Co. Ltd., Colnbrook, Bucks) had m.p. 199— 
200°; 5f-pregnane-3:20-dione (pregnanedione) (L. Light 
and Co. Ltd.) had m.p. 122—123°; 3a-hydroxy-5«-pregnan- 
20-one and its acetate (m.p. 134-136°) were supplied by the 
Medical Research Council Steroid Reference Collection; 
38-hydroxy-5«-pregnan-20-one (allopregnanolone) (m.p. 
193-196°) and pregnanolone (m.p. 149-151°) were samples 
from Dr W. Taylor, University of Durham; pregnanolone 
acetate was prepared from pregnanolone and had m.p. 96— 
100°; pregnanediol (L. Light and Co. Ltd.) had m.p. 235— 
238°; pregnanediol diacetate was prepared from preg- 
nanediol and had a double m.p. 162° and 181-182°; 
cholesterol had m.p. 145-146°. 

Reagents. Reduced triphosphopyridine nucleotide 
(TPNH) (Sigma Chemical Co., Mo., U.S.A.), digitonin 
(AnalaR) and Girard T reagent (Girard & Sandulesco, 1936) 
were not purified further; alumina (100-200 mesh, Savory 
and Moore Ltd.) was screened through a no. 90 sieve, the 
material not passing through being rejected. It was 
activated to activity II (Brockmann & Schodder, 1941) by 
heating at 130° for 12 hr.; some was deactivated by ex- 
posure to water vapour for 10 days. 

Solvents. Acetone was refluxed for 2 hr. with KMnO, and 
NaOH, distilled, refluxed with anhydrous K,CO, and re- 
distilled. Benzene was washed with water, conc. H,SO, 
and water, dried over CaCl, and distilled. CHCl, was pre- 
pared freshly as required by washing with water, drying 
over CaCl, and distilling. Ether (J. F. MacFarlan and Co.) 
was treated with FeSO, soln., washed with water, dried 
with Na,SO, and Na wire and distilled. Ethyl acetate 
(AnalaR) was redistilled. Hexane consisted of the fraction 
from petroleum boiling at 67—70°; this was washed with 
conc. H,SO,, 2N-NaOH and water, dried over CaCl, and 
distilled. Methanol (AnalaR) was redistilled. Pyridine was 
dried over BaO, filtered, distilled and the fraction boiling 
at 112-117° was collected and stored over BaO. 








Methods 


Spectra. For the determination of absorption spectra in 
H,SO,, the sample and an authentic sample (about 100 yg. 
each) were treated with 5 ml. of cone. H,SO, (AnalaR) for 
17 hr. at 25°; spectra were then determined in 1-0 cm. cells 
over the range 220-520 my in a Uvispek spectrophoto- 
meter (Hilger and Watts Ltd.). 

Incubation medium. This was based on preliminary 
experiments with rat liver (Atherden, 1956) and contained 
(final conen.) 0-04M-potassium phosphate (pH 7-4), 
0-Olm-sodium citrate (pH 7-4), 0-005mM-MnSO, and 
0-0003M-TPNH. Progesterone (500 mg.) was added in 
50 ml. of propane-1:2-diol to 950ml. of incubation 
medium. 

Preparation of liver ‘suspension’. Post-mortem liver 
(500 g.) from a 30-year-old woman who had died from 
bronchial pneumonia was cut into portions and homo- 
genized in an ice-cold Ato-Mix blender (Measuring and 
Scientific Equipment Ltd.) containing a medium of 0-25M- 
sucrose and 0-2M-nicotinamide for $ min. at full speed. The 
resulting ‘suspension’ was diluted with the sucrose— 
nicotinamide medium to give a 50% (w/v) ‘suspension’ 
and stored at 0° until all the liver had been treated. 

Incubation. The volume (1 1.) of suspension was added to 
1 1. of incubation medium in a 3 |. flask and the whole was 
incubated with manual horizontal shaking in a water bath 
at 37° for 2 hr. in air. 

Protein precipitation. After the incubation, the contents 
of the flask were added to 2-61. of acetone. The mixture was 
stirred and left overnight at — 19°; it was filtered and the 
residue washed twice with 11. volumes of previously 
chilled acetone. Most of the acetone was removed from the 
combined filtrates by distillation under reduced pressure. 

Extraction of lipids. The aqueous residue from the above 
distillation was saturated with NaCl and was then extracted 
with 3 x 500 ml. of ethyl acetate. The extract was washed 
with 100 ml. volumes of water, 0-2m-NaHCO,, 0-2N-HCl 
and water until the washings were neutral to litmus; the 
first water and NaHCO, washes were combined and back- 
extracted with 200 ml. of ethyl acetate, and the same 
200 ml. was used to back-extract the HCl and water 
washes individually. The combined ester extracts were 
dried with Na,SO, and filtered, the residue was washed 
with ester and the combined filtrates were distilled to 
dryness in vacuo on a water bath at 60°. The residue was 
partitioned between 430 ml. of 70% (v/v) methanol and 
200 ml. of hexane; the lower layer was run off, the upper 
layer was extracted with 2 x 100 ml. of 70% (v/v) meth- 
anol and the three combined methanol extracts were back- 
extracted with 50 ml. of hexane. Most of the methanol was 
taken off by distillation in vacuo, 150 ml. of water was 
added and the mixture was extracted with 2 x 500 ml. of 
CHCl, ; the extracts were washed with 100 ml. of n-NaOH, 
with water until neutral and were then dried over Na,SO,. 
The CHCl, was evaporated off in vacuo leaving a residue 
which weighed, after vacuum desiccation over P,O, for 
24 hr., 923 mg. 

Girard separation. The dried residue was taken up in 
20 ml. of ethanol, 1-7 g. of Girard T reagent and 1 ml. of 
acetic acid were added and refluxed for 1 hr. (Girard & 
Sandulesco, 1936); the contents of the flask were poured 
quickly into a separating funnel containing 55 ml. of ice- 
cold water, 30 g. of crushed ice, 15 g. of NaCl and 8-1 ml. 
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of 2n-NaOH. The mixture was extracted with 120 ml, of 
ether and 3x60ml. of ether and the combined ethe 
extracts were washed with 50 ml. of water; this water wash 
was added to the aqueous phase. The ether extract wa 
then washed with 2 x 25 ml. of 5% (w/v) NaHCO, soln, 
with 2 x 25 ml. of water, dried over Na,SO,, filtered and the 
ether evaporated off to give 199 mg. of non-ketonic frag. 
tion. The aqueous phase was acidified with 10 ml, of 
18n-H,SO, and left overnight; it was extracted with 100 ml, 
and 3 x 50 ml. of ether and the combined ether extracts were 
washed with 2x25 ml. of 5% (w/v) NaHCO, soln. and 
2x25 ml. of water. The washed ether extract was dried 
over Na,SO,, filtered and the ether evaporated off to give 
386 mg. of ketonic fraction. 

Digitonin separation. The ketonic and _ non-ketonic 
fractions were each separated into digitonin-non-precipit- 
able («) and digitonin-precipitable (8) fractions (Butler & 
Marrian, 1938); however, 48 hr. was allowed for complete 
precipitation (cf. Haslam & Klyne, 1953). 





RESULTS 


a-Ketonic fraction. This fraction (291 mg.) was 
taken up in 2 ml. of benzene, 2 ml. of hexane was 
added and the mixture applied to a column (1 em, 
internal diameter) containing 6g. of alumina 
activity II. Elution with hexane—benzene (1:1, 
v/v) yielded a white crystalline mass; this was 
crystallized from aqueous ethanol and _ yielded 
117 mg. of progesterone, identified by m.p. (128- 
129°) and mixed m.p. (126—128°) with authentic 
progesterone (m.p. 127-5-128°). 

The mother liquor yielded material which after 
crystallization from hexane gave 6 mg. of white 
rods with m.p. 123—124° ; mixed m.p. with pregnane- 
dione (m.p. 122-123°) was 123-124°. On ad- 
mixture of the isolated material with progesterone 
(m.p. 127-5-128°) the mixed m.p. was 100-104’; 
the identity of the isolated material as pregna- 
nedione was confirmed by comparison of its 
ultraviolet-absorption spectra in ethanol and conc. 
H,SO, with those of authentic pregnanedione. 

Elution with hexane—benzene (1:3, v/v) and 
benzene gave white semicrystalline material with 
m.p. range 93—-132°; rechromatography on alumina 
yielded material, eluted by benzene—ether mixtures, 
with m.p. range 122—147°. Repeated crystalliza- 
tion from hexane gave 4 mg. of needles with m.p. 
173-175°, the needles re-forming as clusters on 
cooling. This substance did not depress the m.p. of 
authentic 3a-hydroxy-5«-pregnan-20-one, and its 
acetate (m.p. 134-136°) gave a mixed m.p. with 
authentic 3x-acetoxy-5«-pregnan-20-one (m.p. 134- 
136°) of 134-136°. Confirmation that the isolated 
material was 3a-hydroxy-5«-pregnan-20-one was 
obtained by comparison of its ultraviolet spectrum 
in conc. H,SO, with that of the authentic steroid. 

Elution with methanol gave white material 
which when recrystallized from methanol gave 
platelets, m.p. 140—-145°; recrystallization from 
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hexane gave 3mg. of needles, m.p. 147—150°. 
Mixed m.p. determination with 3a«-hydroxy-5f- 
pregnan-20-one (m.p. 149-151°) indicated that the 
jsolated material was 3a-hydroxy-5f8-pregnan-20- 
one; it was dissolved in pyridine and acetylated 
with acetic anhydride overnight. After extraction 
and crystallization from acetone, crystals were ob- 
tained with m.p. 96—-100° ; admixture with authentic 
34-acetoxy -58-pregnan-20-one (m.p. 97—100°) gave 
mixed m.p. 96—99°. 

p-Ketonic fraction. This weighed 12 mg.; it was 
taken up in hexane—benzene (4:1, v/v) and applied 
toa column containing 2 g. of alumina activity IT. 
Elution with benzene—ether mixtures yielded white 
material which was crystallized from acetone and 
the crystals were leached with hexane. They gave 
mp. 197-198°; mixed m.p. with allopregnanedione 
(mp. 199-200°) was 197—200°. Admixture with 
allopregnanolone (m.p. 193—196°), which might also 
be expected to appear in this fraction, gave mixed 
mp. 158-176°; mixed m.p. of authentic allo- 
pregnanedione and allopregnanolone was 158— 
179°. The digitonin-precipitable nature of allo- 
pregnanedione was originally reported by Buten- 
andt & Mamoli (1935). 

Elution with methanol gave a small amount of 
aystalline material which on being twice re- 
crystallized from methanol yielded a few crystals 
with m.p. 194-195°. No further batch of this 
material could be obtained from the mother 
liquors, but it was possibly allopregnanolone, as 
this had m.p. 193—196° and was also obtained by 
Taylor (1955) in the same fraction from rabbit 
liver. 

a-Non-ketonic fraction. This weighed 140 mg.; it 
was dissolved in 2ml. of benzene and put on a 
column containing 3g. of deactivated alumina. 
Elution with benzene followed by 0-8% and 3% 
(v/v) ethanol in benzene yielded one main fraction 
eluted chiefly by the later portion of the 0-8 % (v/v) 
ethanol in benzene (cf. Klopper, Michie & Brown, 
1955). Repeated crystallization from methanol 
yielded white needles with m.p. 224-225°, suspected 
to be a pregnanediol or an allopregnanediol. The 
needles were purified by conversion into the 
diacetate; extraction followed by crystallization 
from ethanol gave white crystals with a double 


Table 1. Steroids isolated from incubation of 500 mg. of progesterone with 500 g. of human liver 


Steroid 


Progesterone 
5a-Pregnane-3:20-dione 
5B-Pregnane-3:20-dione 
3a-Hydroxy-5«-pregnan-20-one 
38-Hydroxy-5a-pregnan-20-one 
3a-Hydroxy-58-pregnan-20-one 
5B-Pregnane-3a:20«-diol 


Totals 
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m.p. 162—163° and 180—-182°. Mixed m.p. with 
pregnanediol diacetate (m.p. 162° and 181—182°) 
was 160—162° and 178—180°. Hydrolysis for 30 min. 
with boiling 5% (w/v) KOH in methanol followed 
by extraction and crystallization from methanol 
gave 5mg. of needles with m.p. 233-235°; mixed 
m.p. with pregnanediol (m.p. 233-237°) prepared 
from the diacetate was 234-236°. Comparison of 
ultraviolet-absorption spectra in conc. H,SO, of the 
isolated material and of pregnanediol confirmed 
the isolated substance to be pregnanediol. 

Attempts to crystallize the other fractions from 
this column were not successful, despite acetyl- 
ation. 

B-Non-ketonic fraction. This weighed 27 mg.; 
crystallization from ethanol yielded white notched 
crystals with m.p. 145-147°. A mixed m.p. 
(144-146°) showed that this fraction consisted 
mainly of cholesterol (m.p. 145-146°). 


DISCUSSION 


Taylor (1954) carried out a ‘blank’ incubation of 
rat-liver homogenate and showed that neither 
progesterone nor any of its known metabolites 
were obtained. He also conducted ‘control’ incu- 
bations both with rat-liver homogenate and with 
rabbit-liver homogenate (1955); these demon- 
strated that progesterone was not transformed into 
any known metabolites by the isolation procedures 
used. Since the isolation procedures used in the 
present work were similar to those of Taylor (1955), 
it may be assumed that the progesterone and 
metabolites obtained resulted from the pro- 
gesterone added. 

Reductive metabolism of progesterone has been 
discussed by Taylor (1954, 1955). From the work 
of Tomkins & Isselbacher (1954) it would appear 
probable that the normal metabolic pathway for 
the reduction of ring A of progesterone is irre- 
versible hydrogenation of the double bond to give 
the two pregnanediones, followed by reduction of 
the 3-oxo group. The weights of metabolites given 
in Table 1 seem to indicate that, for progesterone, 
the main metabolic pathway in human liver is 
progesterone > pregnanedione 

= pregnanolone = pregnanediol. 


Wt. 

(mg.) 
117 23 

1 0-2 

6 1-2 

4 0-8 

Trace —_ 

3 0-6 

5 1-0 

136 26°8 


As percentage of 
progesterone added 
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The reversibility of the ketonic reductions and 
the irreversibility of the double-bond hydrogen- 
ation have been confirmed by Taylor (1956), who 
isolated crystalline pregnanediol, pregnanolone and 
pregnanedione, but not progesterone, after incuba- 
tion of pregnanediol with rabbit-liver homogenate. 
The identity of the metabolites obtained with 
rabbit liver (Taylor, 1955) and human liver suggest 
that the rabbit is a useful species for biochemical 
studies, at least for progesterone metabolism. This 
is confirmed by the observations that pregnanediol 
is a urinary metabolite of progesterone both in 
humans (Dorfman et al. 1948) and in rabbits 
(Hoffman, 1942). 

Table 2 lists sixteen possible reduction products 
of progesterone; such compounds as 3-hydroxy- 
pregn-4-en-20-ones, 3:20-dihydroxypregn-4-enes, 
20-hydroxypregnan-3-ones and derivatives with 


oxygen functions in positions other than 3 or 20, 
or a double bond other than in position 4, have not 
been included. Where applicable, references haye 
been given to studies in which an attempt was made 
to demonstrate that the steroid reported was 4 
progesterone metabolite. Otherwise, investigations 
on human pregnancy urine, for work in vivo, and on 
human liver, for work in vitro, have been favoured, 

It appears that 3-hydroxypregn-4-en-20-ones 
(and 3:20-dihydroxypregn-4-enes) are not en. 
countered because the 3-oxo group is only rela. 
tively slowly reduced if the double bond has not 
been previously hydrogenated (Talalay, 1957; 
Talalay & Dobson, 1953), and because the double. 
bond reduction is irreversible (Tomkins, 1957), 
However, it is more difficult to explain the non. 
appearance of 20-hydroxypregnan-3-ones; since the 
two pregnanediones have been isolated, presumably 


Table 2. Comparison of progesterone metabolites isolated in vivo and in vitro 


In vivo In vitro 


A A 
— —— | c 


Steroid 
20a-Hydroxypregn-4-en-3-one 
208-Hydroxypregn-4-en-3-one 


5a-Pregnane-3:20-dione 


5B-Pregnane-3:20-dione 
3a-Hydroxy-5a-pregnan-20-one 


3B-Hydroxy-5a-pregnan-20-one 


3a-Hydroxy-5f-pregnan-20-one 
38-Hydroxy-5f-pregnan-20-one 
5a-Pregnane-3a:20a-diol 


5a-Pregnane-3a:20f-diol 
5a-Pregnane-38:20a-diol 


5a-Pregnane-38:208-diol 


5B-Pregnane-3a:20«-diol 
5B-Pregnane-3a:20B-diol 
5B-Pregnane-38:20a-diol 


5B-Pregnane-38:20f-diol 


Source 
Rat carcass 
Human placentae 


Human pregnancy 
urine 


Human urine 


Human urine 


Human pregnancy 
urine 


Human urine 


Human pregnancy 
urine 


Human pregnancy 
urine 


Pregnant mare 
urine 
Human urine 


Pregnant cow bile 


Human urine( ?) 


Reference Source 


Reference 


Fibroblast culture 


Corpus luteum 
homogenate 


Wiest (1956) 
Zander, Forbes, 


Miinstermann & 
Neher (1958) 


Sweat et al. (1958) 


Hayano, Lind- 
berg, Wiener, 
Rosenkrantz & 
Dorfman (1954) 


Human-liver Atherden (1959) 


suspension 


Lieberman, 
Dobriner, Hill, 
Fieser & Rhoads 
(1948) 

Lieberman et al. 
(1948) 


Dobriner & 
Lieberman (1950) 


Pearlman, Pincus 
& Werthessen 
(1942) 

Dorfman, Ross & Human-liver 
Shipley (1948) suspension 

-- Rat-liver 
homogenate 


Human-liver Atherden (1959) 


suspension 


Human-liver Atherden (1959) 


suspension 
Rabbit-liver 
homogenate 


Taylor (1955) 


Atherden (1959) 


Ungar & 
Dorfman (1954) 
Kyle & Marrian — 
(1951) 


Plotz & Davis 
(1956) 

Brooks, Klyne, 
Miller & 
Paterson (1952) 


Dorfman e al. 
(1948) 

Pearlman & 
Cerceo (1948) 


Mason & Kepler — 
(1945) 


Human-liver 
suspension 


Rat-liver 
homogenate 


Atherden (1959) 


Ungar (1955) 
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double-bond reduction of 20-hydroxypregn-4-en-3- 
ones (which have been isolated) could occur, unless 
seric hindrance between enzyme and steroid takes 
place. 

SUMMARY 


1. Progesterone has been incubated with a 
suspension of human liver with added nicotin- 
amide, citrate and reduced triphosphopyridine 
nucleotide. 

2. Six metabolites have been isolated: 5a- and 
5p-pregnane-3:20-dione, 3%- and 38-hydroxy-5a- 
pregnan - 20 - one, 3a - hydroxy - 58 - pregnan - 20- one 
and 58-pregnane-3«:20«-diol. 

3. The reductive metabolism of progesterone is 
discussed. 
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$a-hydroxy-5f-pregnan-20-one. The human liver was 
obtained with the willing co-operation of Dr J. F. Wilson of 
the Royal Infirmary, Sunderland, to whom I am most 
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